Laboratory and numerical modelling studies of sediment flocculation processes in estuaries by Mhashhash, Aisha Fowzi
 
 
 
 
 
 
 
 
Laboratory and numerical modelling 
studies of sediment flocculation 
processes in estuaries 
 
Aisha Fowzi Mhashhash 
B.Sc., M.Sc. 
 
 
 
Cardiff School of Engineering 
Cardiff University 
 
 
 
 
 
 
 
Thesis submitted in fulfilment of the requirements for the degree of 
Doctor of Philosophy at Cardiff University 
 
 
 
 
March 2018 
 
 
 
II 
 
 
DECLARATION AND STATEMENTS 
DECLARATION  
This work has not been submitted in substance for any other degree or award at this 
or any other university or place of learning, nor is being submitted concurrently in 
candidature for any degree or other award.  
Signed …………………….…... (candidate) Date……….……….  
STATEMENT 1  
This thesis is being submitted in partial fulfilment of the requirements for the degree 
of Doctor of Philosophy (PhD).  
Signed …………………….…. (candidate) Date……….……….  
STATEMENT 2  
This thesis is the result of my own independent work/investigation, except where 
otherwise stated, and the thesis has not been edited by a third party beyond what is 
permitted by Cardiff University’s Policy on the Use of Third Party Editors by 
Research Degree Students. Other sources are acknowledged by explicit references. 
The views expressed are my own.  
Signed …………………….… (candidate) Date……….……….  
STATEMENT 3  
I hereby give consent for my thesis, if accepted, to be available online in the 
University’s Open Access repository and for inter-library loan, and for the title and 
summary to be made available to outside organisations.  
Signed …………………….…. (candidate) Date……….………. 
 
 
III 
 
ABSTRACT 
Surface water is one of the fundamental parts of the environment and needs to be 
protected from all pollution sources for human survival. Urban development and 
human activities have increased the contamination of coastal and estuarine water due 
to insufficiently treated sewage, runoff from fertilised agricultural area and lawns 
and releasing industrial pollutant directly into river and estuaries. Cohesive sediment 
in estuaries can act as either a source or a sink of many pollutants, such as nutrients 
and heavy metals. Understanding the interactions between sediment and nutrients in 
water bodies is important because high input rates of nutrients can negatively affect 
water quality. The prediction of both deposition and the resuspension of cohesive 
sediment in estuaries supports the understanding of their turbidity, which is 
important in terms of the biomass of these water bodies and many of the occurring 
biochemical processes and the morphological processes, which determine the 
suitability and maintenance of fairways and harbour basins. The complex ways in 
which hydrodynamic and biochemical parameters affect cohesive sediment are 
primary reasons for the poor representation of the deposition, erosion and settling of 
cohesive sediment processes in modelling tools within water estuaries. However, our 
current understanding regarding the accurate prediction of cohesive sediment 
transport processes is insufficient because of flocculation processes which occur 
under certain circumstances (e.g. the increase of salinity in the brackish zone of 
rivers, which leads to the formation of flocs that are both larger and less dense than 
individual particles). The phenomenon of flocculation is known to play a significant 
role in the sediment transport processes of settling, deposition and erosion of 
cohesive sediment. 
There is no unique equation that can be universally used to predict the deposition and 
suspension rates of cohesive sediment because each estuary is dynamically and 
physically different from another and this is particularly true for the highly dynamic 
estuary e.g. Severn Estuary. Therefore, this study focuses on gaining a better 
understanding of the transport processes of cohesive sediment, including a better 
inclusion of the flocculation processes by developing a new settling velocity 
equation for cohesive sediment including flocculation processes as a function of 
hydrodynamic parameters. It also aims to apply this equation to a numerical model 
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and to test this refined model by simulating the flocculation phenomenon in the 
highly dynamic Severn Estuary. 
This study employed an extensive experimental setup using a small scale particle 
image velocimetry (PIV) system. The experimental research was carried out using 
suspended sediment samples from the Severn Estuary in the UK. A PIV system and 
an image processing routine were used to measure both floc size distribution and 
settling velocity. The experimental results indicate that both the floc size and the 
settling velocity are controlled by the interaction between turbulence and salinity at 
salinities of less than 10 ppt. At a salinity either equal to or more than 10 ppt, both 
the floc size and the settling velocity were functions of only turbulent shear stress. 
The new equations were successfully applied in the Delft3D model; the model 
results show that they aptly were able to match with observed suspended sediment 
distributions throughout the estuary. Overall, the developed model can be regarded 
as a basic tool for being applied to help manage the suspended sediment processes in 
the Severn Estuary and for assessing the potential impact of climate change and 
human interference such as tidal renewable energy schemes in this water body. 
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1 Introduction
  Chapter 1: Introduction 
2 
 
1.1 Dynamic processes in estuarine waters  
Estuaries and coastal areas are defined as the zones between fresh and marine waters 
that are characterised by complex movement, which are caused by tidal currents and 
waves (Morris et al. 1995). Estuaries can act as sinks and sources of many pollutants 
that are related to economic growth and urbanisation, such as the dumping of 
sewage, rubbish and industrial wastes (Cai 2011; Xu et al. 2013). These pollutants, 
including nutrients and heavy metals, can accumulate in sediments due to physical, 
chemical and biological processes; they can also return to the water column after 
resuspension (Ittekkot 1988; Robins et al. 2016). This is further complicated by the 
presence of the estuarine front zone, which lies between fresh and saline water 
(Gebhardt et al. 2005). 
 The front zone plays a significant role in estuarine circulation, which is the tidal 
circulation and gravitational circulation due to differences between fresh and salt 
water, and affect among others sediment grain size distribution (Neill 2009; Robins 
et al. 2012). In a wide range of macrotidal estuaries, the estuarine turbidity maximum 
(ETM) zone is at the estuarine front zones (Wellershaus 1981; Burchard and 
Baumert 1998). The ETM zone is formed by a combination of high suspended 
sediment concentrations, high settling velocity and resuspension rates of the bottom 
deposition of suspended sediment (Le Bris and Glémarec 1996). This zone of high 
suspended sediment concentrations represents a typical area for physical, chemical 
and biological processes’ interactions of dissolved matter, nutrients and suspended 
sediment (Gebhardt et al. 2005).  
Flocculation of suspended sediment has been observed in the ETM zone. Two 
interpretations are possible due to high sediment concentration in the ETM zone: (1) 
The flocculation processes are enhanced due to higher concentrations of particles 
(Nichols 1984; Lang et al. 1989; Lick et al. 1993). (2) Due to sediment flocculation 
processes, larger aggregates, which have a high settling velocity, are formed. Under 
changing conditions in shear, these aggregates tend to break down once they reach 
the estuary’s bed. They are also easily resuspended in the water column, which 
forms part of the turbidity maximum zone (Gebhardt et al. 2005). The intensity and 
location of ETM zone are affected by highly variable velocity conditions during the 
tidal cycles, tidal range magnitude, the passing of fresh water flow over a more dense 
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saline layer, shape, the bathymetry of the estuary and the strength and frequency of 
the river flow, which is projected to be more variable in the UK with climate change 
(Uncles and Stephens 1993; Burchard and Baumert 1998; Mitchell 2013; Robins et 
al. 2016). 
Sea level rise as predicted due to climate change could have a significant effect on 
estuarine functioning (Whitehead et al. 2009). The combination of sea level rise and 
low river flow could potentially lead to saline intrusion and changes to the ETM 
zone, which would push them further up the estuary and retain river borne 
substances in the estuary for extended periods and lead to changes of the bathymetry. 
By contrast, increased river flows can push the saline intrusion down the estuary, 
which flushes pollutants and nutrients offshore more quickly (Robins et al. 2014). 
The reproductive success among other important habitat conditions of estuarine biota 
is sensitive to saline intrusion and corresponding turbidity maxima, which are 
projected to gradually shift landwards as a result of sea level rise. Also, the 
deposition of sediment and the concentration of suspended material in the water may 
affect the siltation pattern in ports and harbours, and require the need for dredging 
and the effective disposal of dredged material (Mitchell 2013).  
1.2 Classification of sediment transport 
Sediment transport by water flow can be classified into suspended and bed load 
types (Figure ‎1.1). Suspended load is the transport mechanism in the water column, 
as the transported particles are small and easily suspended by the water current. Bed 
load is transported along the bed by the processes of rolling, sliding and hopping 
(Dyer 1986). Sediment transport can be classified by particle size into cohesive and 
non-cohesive sediments. Cohesive sediment, such as mud or clay, has a particle size 
typically ranging from 0.98–63.0 µm. Cohesive sediments are regarded as one of the 
most important features of estuaries around the world. These sediments consist of 
organic and inorganic materials, the former including plant and animal detritus and 
bacteria. These materials alter how particles hold on to each other and how larger 
particles sometimes form aggregates of up to 1 mm in size by flocculation processes 
which are discussed in Chapter 2. (Mikes et al. 2004). Non-cohesive sediment, such 
as sand, has a particle size more than 63 µm and consists mainly of inorganic 
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materials (Hjulström 1935). This study is focused on cohesive sediment which is 
universally called mud (a mixture of clay and silt with water). 
 
 
Figure ‎1.1 Sediment particles’ motion, adopted from (Smithson et al. 2002) 
 
1.3 Electrochemical properties of cohesive sediment  
The cohesion of fine sediment (clay) is the result of its electrochemical properties. 
Clay can be described as a specific crystal structure with a high surface area, which 
can act as an important site for the adsorption of both organic material and metals. 
The flat side of a clay particle is many times larger than its edges, and it has an 
excess negative charge (versus the edges, which have a positive charge), which can 
be chemically balanced by the adsorption of cations from water (Figure  1.2). 
Isomorphous substitution is an important factor in both the structure and properties 
of clay minerals. Clay particles usually have a net negative charge. To maintain 
electrical neutrality, particles attract cations, which are either adsorbed onto the 
surface or absorbed between the clay layers as they are stacked together. Many 
adsorbed cations can be replaced by others. Through this exchangeable cation 
process, clay minerals and particulate organic material can take up cations from a 
solution and release an equivalent amount of other cations into the solution (Harrison 
2007). Clay mineral particles in the water column are flocculated via the ionic 
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charges on their surfaces and the free ions of dissolved salt that form aggregates of a 
different size, density, composition and structure. The mechanisms responsible for 
this dynamic are the flocculation and deflocculation processes, which are treated in 
greater depth in Chapter 2. 
. 
 
 
 
 
 
 
 
 
 
Figure ‎1.2 Clay particle with water molecules, modified from  (Dunn et al. 1980) 
 
 
1.4 Dynamics of cohesive sediment 
 The processes of cohesive sediment transport in estuarine waters, including erosion, 
deposition, resuspension, flocculation and consolidation are illustrated in Figure ‎1.3. 
These processes are controlled by physical, chemical and biological processes 
(Manning et al. 2010b; Wang and Andutta 2013), which are only partly understood 
(Whitehouse et al. 2000). The quality of the water environment and cohesive 
sediment concentrations are closely related. High cohesive sediment concentrations 
in coastal waters are recognised as a worldwide ecological issue (Thompson et al. 
2014). In the Severn Estuary, for example, cohesive sediment causes an extremely 
high suspended sediment concentration in the water column. Parker and Kirby 
(1982), cited by Manning et al. (2010a), proposed that Bridgewater Bay is the most 
significant source of fine sediment to the Severn Estuary, which then moves up and 
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down the estuary with the tides, causing high turbid water. Cohesive sediment can 
also play an active role in adsorbing and releasing pollutants such as heavy metals 
and nutrients in the water column (Ackroyd et al. 1986). 
A distinctive feature of estuaries is the bed mud layer which forms as a result of 
deposition of sediment on the bottom. Under different hydrodynamic conditions such 
as high spring current speed, cohesive sediment can be eroded and deliver nutrients 
to the system (Gratiot and Manning 2004). This can lead to estuarine eutrophication, 
which is characterised by reduced dissolved oxygen levels and increased growth of 
algae. Decomposition of an excessive amount of algae in aquatic ecosystems 
contributes to the reduction of oxygen levels, which may cause the death of fish and 
other aquatic organisms and can have a negative effect also on human health 
(Carpenter et al. 1998).  
 
 
Figure ‎1.3 Sediment particles’ motion, adopted from (Maggi 2005) 
 
The prediction of suspended sediment amounts and the deposition of cohesive 
sediment in estuaries are key aspects of their management regarding the maintenance 
Deposition 
Water level 
Settling 
Flocculation 
Deflocculation 
Turbulent flow 
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of fairways and harbour basins, their turbidity and water quality and their suitability. 
In estuaries and coastal areas, cohesive sediments have an ability to form large 
aggregates, namely flocs, which are larger but less dense than individual particles. 
The formation of flocs near the surface decreases the penetration of solar radiation in 
the water column, which constrains the production of plankton. This phenomenon 
(flocculation) is the most significant process that distinguishes cohesive sediment 
from non-cohesive sediment transport and it poses a serious complication to 
modellers of estuarine sediment dynamics. 
The settling velocity of cohesive sediment is the main parameter impacting on the 
fate and transport of the concentration of cohesive sediment (Johansen 1998). In 
dynamic water environments, such as estuaries, the settling velocity can vary 
significantly as a result of flocculation processes, which makes estimation of settling 
velocity and settling rates complicated (Van Leussen 1994). Estimation of the 
settling velocity of cohesive sediment via Stoke’s law is not possible, due to 
dynamically changing sizes, shapes and densities of cohesive sediments affected by 
flocculation processes (Geyer et al. 2004). Because the transport of sediment in the 
Severn Estuary is based on grain size distribution (Manning et al. 2010a), it is 
necessary to consider the cohesive sediment flocculation processes. Accurate 
simulations of cohesive sediment processes for scenarios of climate change, global 
sea level rise and damming projects (e.g. tidal renewable energy schemes)  (Etemad-
Shahidi et al. 2010) are highly desirable for future management of estuarine and 
coastal waters.  
The international scientific literature contains many laboratory and field studies that 
focus on flocculation processes in different estuaries. However, among these, few 
have researched the flocculation characteristics in the highly dynamic macrotidal 
Severn Estuary (Bryant and Williams 1983; Dyer and Manning 1999); this is an area 
that is not fully understood. Further investigation is required to determine how 
sediment flocculation in the Severn Estuary responds to different hydrodynamic 
parameters, e.g. turbulent mixing (Manning et al. 2010a). Therefore, a good 
understanding of the sediment transport processes in this type of aquatic coastal 
environment is essential. The use of laboratory studies can provide a more controlled 
environment whereby the flocculation phenomena can be researched in greater detail 
and under controlled conditions.  
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This project aims to create a flocculation model of highly dynamic estuaries, 
particularly the Severn Estuary, which could be used to assess the potential impacts 
of marine renewable energy projects that have been proposed for the Severn Barrage. 
It also aims to provide robust tools for the accurate prediction of suspended sediment 
concentrations (SSCs) and deposition to improve our understanding of estuarine 
bathymetry changes and contaminant transport processes as well as to improve the 
management of estuarine and coastal waters under future stresses, such as climate 
change. 
1.5 Aims and objectives 
The main purpose of this study is to gain a better understanding of the transport 
processes of cohesive sediments in dynamic estuaries where flocculation processes 
are occurring by developing a new settling velocity equation for cohesive sediment 
as a function of hydrodynamic parameters while flocculation processes occur and to 
refine a numerical model with this equation and use the refined model for the Severn 
Estuary. 
Objectives of thesis 
1. To collect and analyse sediment and water samples from the Severn Estuary.  
2. To set up, calibrate and validate a Particle Image Velocimetry system (PIV). 
3. To mimic the flocculation phenomenon in the laboratory based on field samples.  
4. To define the important hydrodynamics factors’ effects on the flocculation 
phenomenon and to measure floc size distribution and settling velocity of 
cohesive sediment while flocculation occurs. 
5. To establish a new settling velocity equation for cohesive sediment while 
flocculation occurs as a function of the defined hydrodynamics parameters. This 
task is carried out by analysing the experimental data using Minitab statistical 
analysis.  
6. To set up the numerical model, namely Delft3D. 
7. To calibrate and validate the model based on field data. 
8. To refine the numerical model to include new settling velocity equations 
developed from experimental laboratory and field data. 
9. To apply and test the refined numerical model in simulating flocculation in the 
Severn Estuary. 
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10. To run the numerical model with the original flocculation equations from 
literature, and compare the results with the new flocculation model’s results and 
field data. 
1.6  Outline of thesis 
The overall structure of the thesis takes the form of six chapters. Chapter 1 presents a 
brief background and highlights the aims and objectives of the study. Chapter 2 
begins with a comprehensive literature review of the theory of cohesive sediment, 
flocculation mechanisms and the important techniques for observation of 
flocculation processes. Chapter 3 describes the study area and field data analysis. 
Also, it provides experimental setup, the procedure used to mimic the flocculation 
phenomenon and the effect of hydrodynamics factors on flocculation processes. This 
chapter has been published as two journal papers and one conference paper. Chapter 
4 describes the governing equations of flow and sediment modules within the model 
used and refined in this study. Chapter 5 describes the model setup, calibration and 
validation processes. The results of chapter 3 were used in chapter 5 to refine the 
model to test inclusion of the new settling velocity of cohesive sediment. Chapter 6 
represents the main conclusions of the study and recommendations for future 
research. 
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  Chapter Three 
Experimental Model  
 Collect water and sediment samples from the Severn 
Estuary. 
 Analyse the physical and chemical parameters of the field 
samples. 
 Mimic flocs in the laboratory and define the important 
parameters affect flocculation. 
 Establish a new settling velocity equation of cohesive 
sediment in state of flocculation. 
 
 
 
 
 
 
Chapter Five 
Numerical Model 
 Setup the numerical model (Delft3D). 
 Calibrate and validate the model based on field data 
 Refine Delft3D to include the new settling velocity  equation 
developed from the experiment 
 Apply and test the refined numerical model in simulating 
flocculation phenomenon in Severn Estuary. 
 Compare the result with previous laboratory and field 
studies conducted at different estuaries 
 
 
 
 
 
 
Aims: 
To establish a new settling velocity equation for  cohesive sediment in the state of flocculation as a function of hydrodynamics parameters. 
Issue: 
 Cohesive sediments can flocculate to form large aggregates, which are larger but less dense than individual particles. 
 Flocculation of cohesive sediment has a direct effect on water quality processes. 
 Cohesive sediment can act as a source or sink of pollutants in the water column, such as heavy metals and nutrients. 
 
Chapter Six 
Conclusion and Future Works 
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2.1 Introduction 
This chapter provides a literature review of previously undertaken research that is 
relevant to the field of study. The first section reviews the hydrodynamic parameters 
that affect particle formation and disaggregation, followed by the most recent 
research regarding flocs’ properties, including size, settling velocity and density. 
Section  2.4 reviews the techniques used to observe the flocculation processes, both 
in situ and in the laboratory. Section 2.5 presents relevant numerical modelling 
studies. Finally, section  2.6 reviews the hydrodynamics and sediment transport in the 
Severn Estuary.  The objectives of the reviews are as follows: 
1. To collect information from recent studies on the important hydrodynamic 
parameters that affect flocculation processes (i.e. size, settling velocity and  
density); 
2. To review the important techniques used to observe the flocculation 
processes; and 
3. To identify gaps in the knowledge and consider how the transport processes 
of cohesive sediment exposed to flocculation processes can be better 
understood and improved by developing a settling velocity equation. 
 
2.2 Overview of particle formation and disaggregation 
Cohesive sediment has the ability to flocculate into large aggregates, namely flocs, 
which are bigger than individual particles but less dense. These aggregates form 
when two or more particles collide and stick together, and disaggregation occurs 
when particles break down into two or more fractions. The two processes can occur 
in a water body that is exposed to changing physical, chemical and biological 
parameters (Eisma 1986; Soulsby 1997; Dyer and Manning 1999; Thomsen and Gust 
2000; Manning 2001; Spearman et al. 2011; Mohapatra et al. 2012). The collision of 
sediment particles occurs due to three different mechanisms, as assessed by Van 
Leussen (1988):  
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Brownian motion  
Brownian motion is defined as the random movement of the particles resulting in the 
bombardment of flocs by thermally agitated water molecules. This mechanism is 
affected by temperature, particle size and viscosity. Lick et al. (1993) found that 
Brownian motion is only effective for particles of less than one micron in size. Floc 
structures formed by Brownian motion are weak, which means that they are either 
easily dispersed by shearing or crushed on deposition.  
Differential settling 
Differential settling is defined as the differential interaction between particles, where 
larger particles have larger settling velocities; therefore, they can sweep past smaller 
particles. Lick et al. (1993) found that differential settling mechanisms significantly 
promote floc growth. Differential settling is only effective during low turbulent 
conditions, such as in slack water (Van Leussen 1988; Manning and Dyer 1999).  
Turbulent motion 
Turbulent stress is a dominant mechanism of particle contact due to rapid variation 
of fluid velocity and pressure. Although quantitative formulations for these 
mechanisms are described in the literature (e.g. Van Leussen 1988 and Winterwerp 
1998), it is recognised that Brownian motion can be negligible in comparison with 
differential settling and turbulence mechanisms. 
 In addition, the flocculation mechanism is affected by other parameters such as pH, 
temperature, sediment concentration, salinity and mineralogical composition 
(Winterwerp 1999; Mohapatra et al. 2012; Liang et al. 2013), which can alter the 
suspended sediment particle by modifying its effective particle size, shape, porosity, 
density and composition. All these parameters are highly variable in estuaries, where 
tidal forcing induces variations in shear stress, and where fresh water mixes with 
saline water (Mietta et al. 2009). The most influential parameters of floc size and 
settling velocity are salinity, suspended sediment concentration (SSC) and 
turbulence, which have been considered in previous studies and are discussed below. 
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 Salinity (S) 2.2.1
As discussed in Chapter 1, clay particles have a net negative charge and a large 
surface area, which encourage their ability to adsorb organic materials and metals 
(Harrison 2007). The availability of free ions in fresh water is low, and the clay 
particles collide when bringing an edge (positive charge) to a negative charge face to 
allow the Van der Waals force to bind them (face to edge); this is a weak floc 
structure with large porosity, low density and low strength. As salinity increases in 
estuaries, the ions increase in abundance, and an ionic double layer is created by 
binding clay particles (face to face) with larger floc structures, which are stronger 
than a face to edge connection (Fennessy 1994). However, the double layer’s 
diffusion is suppressed, and it shrinks due to increasing the electrical repulsion force, 
which occurs because of high ionic concentration (high salinity). 
The critical salinity level at which flocculation begins to increase varies from study 
to study. Verney et al. (2009) studied the effect of turbulence, sediment 
concentration, salinity, organic matter and diatom bloom on the flocculation 
processes using suspended sediment from the Seine Estuary using videoing facilities 
in the laboratory, a similar method to the one used in this study. They demonstrated 
that salinity’s influence on the flocculation process is unclear based on two 
contrasting salinities of 0 and 20 ppt, whereby diatom blooms, sediment 
concentration and turbulence are the effective parameters. The sediment 
concentration and diatom bloom enhance both the flocculation speed and 
flocculation efficiency. The turbulent shear stress controls the maximum floc size by 
breaking down flocs larger than the size of the smallest turbulent vortices measured 
by the Kolmogorov microscale. Other authors did not observe variations in floc size 
at salinities higher than 10 ppt (Gibbs and Konwar 1986; Sutherland et al. 2015), 2.5 
ppt (Wollast 1988) and 15 ppt (Mietta et al. 2009). Nasser and Twaiq (2011) 
explained that any further increase in salinity level reduces the repulsive force 
between the face and the edge of the floc, which lead to relatively small, weakly 
structured flocs. Van Leussen (1999) observed an increase in floc size and settling 
velocity for increasing salinity within the Ems Estuary. Similar laboratory results 
were observed by Portela et al. (2013), where increasing salinity enhances the 
settling velocity by a factor of 6.5 between fresh and high saline water. In addition, 
laboratory experiments by Burban et al. (1989) showed that for the same floc size, 
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turbulent shear stress and sediment concentration, the settling velocities of flocs in 
freshwater are somewhat greater than the settling velocities of flocs in freshwater. 
  Suspended sediment concentration (SSC) 2.2.2
The influence of suspended sediment concentrations (SSCs) on the flocculation 
processes has been widely studied in both the field and laboratory environments. 
Many researchers have reported that SSCs have a negative correlation with floc size. 
The experimental work of Tsai et al. (1987) showed that the equilibrium of the floc 
size decreases when increasing SSCs from 50 g/m
3
 to 800 g/m
3
 at a shear stress of 
200 s
-1
. Burban et al. (1989) observed that floc size decreases as the sediment 
concentration increases in saline water. Similarly, Manning and Dyer (1999) found 
that floc size decreases with increasing SSCs in the Tamar Estuary by using an in 
situ settling velocity instrument (INSSEV). After conducting image analysis via a 
silhouette camera, Berhane et al. (1997) found contrasting in situ results, which 
revealed that maximum floc size increases with increasing SSCs on the Amazon 
Shelf. 
 In terms of settling velocity, the effects of both sediment concentration and salinity 
on settling velocity were studied in a laboratory using a rectangular tank of 30 cm 
height by Sutherland et al. (2015). The authors found that increasing salinities above 
a 20 ppt did not show any appreciable increase in settling velocity. However, the 
settling velocity depended strongly on SSCs, with the settling velocity decreasing as 
the SSCs increase (Figure ‎2.1).  
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 Figure ‎2.1 Settling velocity as a function of sediment concentration and salinity, 
different symbols correspond to different clay concentrations as indicated in the 
legend. Points are drawn at the mean value with vertical lines indicating error 
estimates (Sutherland et al. 2015) 
 
 
 Turbulent shear stress (TS) 2.2.3
Turbulent shear stress is produced by moving of the water due to tidal regime that 
contributes to mixing of the fluid in estuaries. Turbulent shear stress has a double 
role in flocculation processes. It can cause floc growth as well as breakup because 
low turbulence levels can encourage particles to aggregate by increasing the collision 
rates between suspended particles. High levels of turbulence can cause a breakup of 
the flocs due to shear forces, thereby decreasing their size (Van Leussen 1996; Mikes 
et al. 2004; Manning et al. 2010b; Wang et al. 2011). 
A number of authors have conducted both in situ and laboratory experiments to 
determine how flocculation processes change in turbulent environments. Van 
Leussen (1999) studied laboratory and field measurements of the Ems Estuary and 
concluded that floc growth could be affected by both turbulence and sediment 
concentration through an increased number of particle collisions, whereby the 
biological and physicochemical parameters affect the efficiency of the collisions. 
The floc breakup can occur when the local fluid shear stress exceeds the floc shear 
strength (Winterwerp 1999; Manning 2001). Dyer (1989) found that increasing 
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turbulent shear stress encourages particles to become aggregates until they reach a 
maximum size due to the increasing collision frequency between the particles, which 
in turn increases the settling velocity (Winterwerp 1998). With further increases in 
turbulent shear stress, the floc size begins to decrease because the internal bonds 
among the particles are weak and thus break easily. The author summarised that 
achievement of maximum floc size at low turbulent shear stress depends on the SSC. 
Therefore, he proposed a schematic description of floc size as a function of both the 
parameters of turbulent shear stress and SSC (Figure ‎2.2).   
The floc size increases with increasing SSC at low turbulent shear stress; however, 
after that point, the increasing SSC decreases the floc size because, at a high SSC, 
the flocs are likely to bump into one another more frequently and subsequently cause 
a floc to break down. The conceptual model described by Dyer (1989) was 
confirmed by other authors (e.g. Van Leussen 1998; Manning and Dyer 1999). 
Manning and Dyer (1999) concluded that flocculation is enhanced at low turbulence 
and low concentration, whereby high turbulence shear stress above 0.3 N/ m
2
 causes 
a decrease in floc size (Figure  2.3). This was based on experimental laboratory work 
using SSC from the Tamar Estuary, including SSC ranges of 80–200 g/m3 and 
turbulent shear stress ranges of 0.1 N/m
2
 – 0.6 N/m2. 
 
Figure ‎2.2 Conceptual flocculation diagram showing the relationship between floc size, 
suspended sediment concentration and shear stress (Dyer, 1989) 
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Figure ‎2.3 Floc size for various concentrations (different symbols) against turbulent 
shear, derived from laboratory experiments by Manning and Dyer (1999) 
 
Some authors have related turbulent shear stress to the Kolmogorov microscale (η), 
which defines it as the size of the smallest turbulent eddies. This is further described 
in Chapter 3 (section  3.4.2). Verney et al. (2009) found that flocs cannot be larger 
than the Kolmogorov microscale because they would then be broken into small 
aggregates. By contrast, other studies have shown that flocs can be larger than the 
Kolmogorov microscale. For example, Berhane et al. (1997) showed that the 
maximum floc size (dmax) is approximately one and half times that of the 
Kolmogorov microscale, which ranges from 500–2,000 µm. Manning (2001) 
observed that, at spring tide, flocs develop and continue to grow in response to 
increasing SSCs to the point where the maximum floc size is between two to three 
times that of the Kolmogorov microscale.  More recently, in situ results by Cross et 
al. (2013) observed that flocs exceed the Kolmogorov microscale at the Western 
English Channel. The authors explained that larger flocs may have formed due to 
biological activity. 
 Other factors 2.2.4
Other factors could be considered in the flocculation process, such as temperature 
and biological activity. The latter includes the presence of extra-cellular polymeric 
substances (EPS). Notably, the sediment can be more cohesive due to sticky EPS, 
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which is secreted by diatoms that promote the aggregation of particles. These then 
increase both the size and strength of the flocs (Winterwerp and van Kesteren 2004). 
When these biological processes bind sediment particles, it allows non-cohesive sand 
particles to flocculate and thus become part of flocs with cohesive sediment 
(Spearman et al. 2011). Temperature also affects clay aggregates; however, in 
estuaries, the temperature effect is considered small (Partheniades 1971). This study 
focuses on the influence of electrostatic force as the main factor in the formation of 
mud flocs. 
2.3 Floc properties 
Flocculation processes pose a serious complication to modellers of estuarine 
sediment dynamics. Floc size, settling velocity and floc density have been identified 
as the most important parameters for modelling sediment and contaminant transport 
(Droppo et al. 1997; Cheviet et al. 2002). A brief description for each of these 
parameters is discussed below. 
 Floc size 2.3.1
Flocs are marked by complex geometrical features, where two or more particles 
merge. This repeats several times, resulting in an aggregate that displays a porous 
cluster structure with properties that differ from the primary particles (Kranenburg 
1994). Flocs are composed of up to 10
6
 individual particulates. In general, flocs are 
classified into two types: microflocs and macroflocs (Figure  2.4); cohesive sediment 
flocculates to form small microflocs, followed by further growth into macroflocs, 
which are a combination of the microflocs (Eisma 1986). Many authors have offered 
a wide range of the size that divides microflocs and macroflocs, such as Eisma 
(1986), who suggested 125 µm, Manning and Dyer (1999) who suggested 160 µm 
and Lafite (2001), who suggested 100 µm. The state of microflocs continually 
changes in response to existing hydrodynamic parameters, physicochemical 
properties and environmental conditions. These microflocs can develop into larger 
flocs (macroflocs), which behave very differently, examples of real flocs are shown 
in Figure ‎2.5.  
The majority of the literature agrees that macroflocs have a diameter larger than 100 
µm and a settling velocity between 1–15 mm s-1. Macroflocs are unstable structures 
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with varying shape and density and highly porous structure. Porosities (water 
content) are commonly 95% for the macroflocs and 90% for the microflocs 
(Fennessy et al. 1994; Van Leussen 1994; Manning and Dyer 1999; Whitehouse et 
al. 2000; Lafite 2001; Manning 2001; Manning 2004b; Manning and Dyer 2007; 
Manning et al. 2010b; Manning and Schoellhamer 2013; Soulsby  et al. 2013; Mehta 
2014). The highly porous fragile floc structure is easy to break up when water is 
collected from the estuary by using a traditional sampling method (e.g. use of water 
bottles) for particle size analysis in the laboratory (Eisma et al. 1983; Eisma 1986; 
Van Leussen 1988). This decrease of the real floc size contributes to serious 
implications for the calculation of the settling velocity via the Stokes’ law. This is 
the main problem for the modelling and prediction of estuarine suspended sediment 
processes. Kranck and Milligan (1992) observed that, in the majority of estuarine 
conditions, most suspended particulate matter (SPM) within an estuary occurs in the 
form of flocs. 
 
 
Figure ‎2.4 Sizes of clay particles, microfloc and macrofloc, adopted from (Manning 
2001)  
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<100µm >100µm 
Chapter 2: Literature review 
 
21 
 
               
     
Figure ‎2.5 A selection of real floc images showing the variability of sizes and shapes, 
(Manning 2004b) 
 
 Settling velocity 2.3.2
Settling velocity is one of the main parameters that is used to determine deposition 
and resuspension rates of suspended sediment in either still or flowing water. The 
settling velocity of non-cohesive sediment is a simple process and it can be 
calculated straightforwardly using Stokes’ law, which is defined as 
Ws =  
gdi(ρp − ρw)
18μ
 ( 2.1) 
where Ws is settling velocity, ρp is particle density, ρw is water density, g is 
gravitational acceleration, di is particle diameter and μ is dynamic viscosity. 
Stokes’ formula is only applicable to spherical particles and when the Reynolds 
number, which defines as the ratio of the inertia to viscous force, is less than one. 
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Re =  
ρūl
μ
 ( 2.2) 
Where Re is the Reynolds number, ρ is the fluid density, ū is the mean average 
velocity and l is the characteristic length scale. 
 Estimating the settling velocity of cohesive sediment within an estuarine 
environment is highly complicated because cohesive particles can flocculate and 
form irregular floc shapes (Manning and Dyer 1999). calculating settling velocity of 
cohesive sediment from particle size using equation ( 2.1) is implausible, because 
settling velocities of fine sediment can vary over a range of several orders in 
magnitude. This variation is caused by different parameters such as sediment 
concentration, turbulence and salinity, as discussed early in this chapter (Krone 
1962; Van Leussen 1997; Van Leussen 1999; Mikes et al. 2004; Manning et al. 
2010b; Pejrup and Mikkelsen 2010). Three decades ago, an attempt was made (using 
an Owen tube) to measure settling velocity of cohesive sediment in situ as a function 
of SSC ranging up to 10 kg/m
3
 (Owen 1976), which led to the development of the 
following equation 
Wso = a SSCb, ( 2.3) 
where Wso is the median settling velocity, SSC is suspended sediment concentration 
and a and b are empirical values. 
Another mathematical model including the effect of turbulence has been proposed by 
Van Leussen (1994), which can be expressed as 
Ws = Wso (
1 + aG
1 + bG2
) ( 2.4) 
 
where Ws is the settling velocity, a and b are empirical values and G is the velocity 
gradient, which can be determined by taking the square root of turbulent energy 
dissipation rate divided by kinematic viscosity. 
More recently, Winterwerp (1998) has modified the Stokes’ law to include the 
fractal dimension (nf), as: 
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Ws = 𝛼′𝑑𝑖
3−𝑛𝑓 (𝜌𝑠 − 𝜌𝑤)
μ
𝑑𝑛𝑓−1 ( 2.5) 
 
Where 𝛼′ is empirical parameter, μ is molecular viscosity, nf is fractal dimension, 
further described in the next section,  𝜌𝑠 and 𝜌𝑤 are sediment and water density, 
respectively. di is diameter of primary particle and d is equivalent spherical floc 
diameter. 
 
Table ‎2.1 summarises the settling velocity equations of cohesive sediment, as 
developed from previous experimental and field data. The parameters included in 
these equations are suspended sediment concentration, turbulence and floc size. 
some of them have been applied in numerical models. Although many equations are 
available in the literature to calculate the settling velocity (Figure ‎2.1), the 
applicability of these equations may vary from one estuary to another due to 
different availability of suspended sediment, estuary topography and mineralogy and 
biological properties of the particles (Manning and Dyer 1999). 
Settling velocity can either be measured directly in a settling column or calculated 
indirectly by knowing the size and density of the particle. Different instruments have 
been developed, both for in situ and laboratory measurements, to determine settling 
velocity of cohesive sediment. These will be described in section 2.4. 
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Table ‎2.1 Settling velocity of cohesive sediment from previous experimental and field data, (d: floc size, Ws: settling velocity, SSC: suspended 
sediment concentration, TS: turbulent shear stress, G: velocity gradient, Δρ: differential density, r: radius) 
Reference Equation Type of study (laboratory or 
field study) and location 
(Gibbs 1985) Ws = 1.73 𝑑0.78, 𝛥𝜌 = 0.00019𝑑−0.97 
d: (cm), Ws (cm/s), Δρ: (g/cm3), 𝑅2 = 0.99 
 Laboratory study, 
Susquehanna River 
 Field study, Chesapeake Bay 
(Sternberg et al. 1999) Ws = 0.0002 𝑑1.54, d (µm), Ws (mm/s), 𝑅2 = 0.61  Field study, Northern 
Californian continental shelf 
(Agrawal and 
Pottsmith 2000) 
Ws = 0.45𝑋10−3 r1.17, r: (µm), Ws (cm/s)  Field study, New Jersey coast  
(Mikkelsen and Pejrup 
2001) 
Ws = 0.00026 𝑑1.53, d (µm), Ws (mm/s), 𝑅2 = 0.925  Field study, Danish coastal 
waters 
(Shi et al. 2003) Ws = 2.37 𝑆𝑆𝐶−0.84, SSC: (kg/m3), Ws (mm/s), 𝑅2 < 0.3  Field study, Changjiang 
Estuary 
(Manning 2004c) 
 
Ws = 0.718 + 8.33 TS − 12 TS
2 + 0.000938 𝑆𝑆𝐶 , SSC: (g/cm3, TS: 
(N/m
2
), Ws (mm/s), 𝑅2 = 0.91, 
SSC < 8 kg. cm
-3
, 0.04 < TS < 0.7  
 Field study, Tamar, Gironde 
and Dollard Estuaries 
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Reference Equation Type of study (laboratory or 
Field Study) and Location 
(Manning 2004a)  Microflocs (d < 160μm) 
𝑊𝑠 = 0.244 + 3.25 TS − 3.71 TS
2, TS (0.04-0.55 Pa), R
2
=0.75 
WS = 0.65 TS
−0.541 , TS (0.5-10 Pa), R
2
=0.73 
 Macroflocs (d > 160μm) 
WS = 0.644 + 0.000471 SS𝐶 + 9.36 TS − 13.1 TS
2, TS (0.04-0.7 N/m
2
), 
R
2
 = 0.93 
WS = 3.96 + 0.000346 𝑆𝑆𝐶 − 4.38 TS + 1.33 TS
2, TS (0.6-1.5 N/m
2
), 
R
2 
= 0.9 
WS = 1.18 + 0.000302 𝑆𝑆𝐶 − 0.491 TS + 0.057 TS
2, TS (1.45-5 N/m
2
), 
R
2
 = 0.99 
Valid for SSC = <8.5 kg/m
3 
 Field study, Tamar, Gironde 
and Dollard Estuaries 
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 Floc effective density 2.3.3
Effective density, which is also referred to as either excess density or bulk density, 
can be defined as the difference between the floc’s bulk density and the water’s 
density (𝜌𝑒 = 𝜌𝑓 − 𝜌𝑤). It is the most practical value related to particle aggregates. 
Typically, when flocs increase in size, they demonstrate a lower effective density. 
However, their settling velocity tends to decrease due to the high porosity of the 
flocs (Van der Lee 2000). Effective density can be calculated theoretically based on 
Kranenburg (1994) model as 
ρe = ρf − ρw = (ρp − ρw)(
d
di
)nf−3,               ( 2.6) 
 
where ρf is the flocs density, ρw is the water density, ρp is the sediment density, d is 
the equivalent spherical floc diameter, di is the diameter of the primary particle and 
nf is the fractal dimension, which is defined as the measurement of the flocs’ 
effectiveness regarding filling space as a function of the floc size.  
The fractal dimension of flocs (nf) can be determined theoretically using the 
Winterwerp model (Winterwerp 1999). This model was developed based on 
published field and laboratory data from the North Sea, Chesapeake Bay, Ems and 
Tamar Estuary. For floc size ranges from 20 to 1000 µm and settling velocity ranges 
from 0.04 to 10 mm/s. By knowing the value of nf, the effective density can be 
calculated using equation (‎2.6) which has been widely used byDyer and Manning 
(1999); Mantovanelli and Ridd (2008) and also in this study.  
Figure ‎2.6 shows two dimensional projections of typical three dimensional 
aggregates with different fractal dimensions ranging from nf = 1.2 to nf = 2.5. 
Typical values for the fractal dimension in estuarine and coastal water range from 
1.7 to 2.2 (Maggi et al. 2007). It is difficult to measure the nf value directly; 
therefore, an indirect approach, such as plotting of the data (floc size and settling 
velocity) applying the Winterwerp (1999) model as shown in Figure ‎2.7 is used. A 
fractal dimension of 2.3 is an indication of the presence of strong flocs, while an nf 
of 1.4 represents weak estuarine flocs. The highest fractal dimension value of 3 
represents a uniform floc structure. 
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Figure ‎2.6 Two-dimensional projections of typical three-dimensional aggregates with 
fractal dimensions ranges from  nf = 1.2 to 2.5 ((Thouy and Jullien 1996) 
 
 
 
Figure  2.7 Winterwerp’s model, redrawn from Winterwerp (1999) 
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The general trends exhibited by the flocs effective densities from literature sources 
over three decades are shown in Figure  2.8. Some of these studies use a variation of 
Stokes’ law to estimate the effective density based on the floc size and settling 
velocity. However, others use equation (‎2.6) by determining the fractal parameters 
after plotting the floc size and the settling velocity with Winterwerp’s model of 
Figure ‎2.7. A decrease in density and increase in particle size were observed by all 
authors, yet with a varying slope. For example, for the same aggregate size, very 
different effective densities were found ranging over more than three orders of 
magnitude between Fennessy (1994) and Manning (2004a). This variability can be 
explained by the different conditions under which the measurements were carried 
out: either in situ observation or flocculation in the laboratory, the mineral nature of 
the particle, the sample location, the sediment concentration, the history of the flocs 
structure etc. (Verney 2006). 
 
 
 
 
Figure  2.8 Relationship between floc size and effective density from previous studies 
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(Strenberg and Berhane 1999) (Manning 2004)
(Markussen and Andersen 2013) (Soulsby et al. 2013)
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2.4 Technique observations of the flocculation processes 
Numerous attempts were made to observe and study the flocculation processes 
occurring in different estuaries both in situ and in the laboratory. Many of these 
studies focused on observing and quantifying the particles in suspension and in their 
settling velocities according to the physicochemical parameters of the water column. 
The next two subsections summarise the findings of these studies. 
 In situ studies 2.4.1
Assessment of an in situ photograph was the first technical attempt to measure 
individual floc diameters (Eisma et al. 1990). Over time, this technique has been 
improved to include video equipment and computer imaging analysis to provide 
more accurate data analyses (Fennessy et al. 1994; Syvitski et al. 1995; Maldiney 
and Mouchel 1996; Milligan 1996; Van Leussen and Cornelisse 1996; Sternberg et 
al. 1999). An advantage of in situ studies is that it is possible to quantify the 
properties of natural particles (size, density and settling velocity). However, in situ 
studies fail to understand the complex interactions between the processes of 
flocculation and natural variables (Verney 2006). Moreover, most of these studies 
were carried out at a fixed point, and they did not follow the movements of the 
particles in the water column, which reinforce the complex interpretation of a tidal 
cycle. The particles are passing from one point to another in the estuary, and they 
will have been subjected to different forces of nature, such as different salinity and 
turbulence intensity; therefore, their properties may not have the same origin. 
Different devices have been developed to measure both the particle distribution and 
the settling velocity of the particles in situ, as briefly described in Table  2.2.
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Table  2.2 In situ devices for measuring and observation of particles’ properties 
Reference Instrument name Research Institute Name of Site  Measurement 
parameters 
(Eisma et al. 
1990) 
Camera System Netherlands Institute for Sea Research Scheldt River and 
Estuary 
Particle size of suspended 
sediment  
(Van Leussen 
and Cornelisse 
1993) 
Video In situ (VIS) 
 
National Institute for Coastal and Marine 
Management (RIKZ) of Rijkswaterstaat and Delft 
Hydraulics-Netherlands 
The Ranselgat 
(mouth of the 
estuary) and the 
River Ems 
Floc size and settling 
velocity of suspended 
sediment  
(Fennessy et al. 
1994) 
In situ Settling 
Velocity Instrument 
(INSSEV) 
Institute of Marine Studies, University of Plymouth Tamar and Elbe 
Estuaries 
Floc size and settling 
velocity spectra 
(Syvitski et al. 
1995) 
Floc Camera 
Assembly (FCA) 
Atlantic Geoscience Centre Halifax Inlet Estuary Floc size, shape, 
concentration and settling 
velocity 
(Milligan 1996) Benthos 373 
Plankton Silhouette  
Bedford Institute of Oceanography  Elbe River Floc size spectra  
(Maldiney and 
Mouchel 1996) 
Endoscopic 
Photographs 
No Elbe Estuary Particle size  
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Reference Instrument name Research Institute Name of Site  Measurement 
Parameter 
(Knowles and 
Wells 1998) 
In situ Aggregate 
Analysis Camera 
(ISAAC) 
Institute of Marine Sciences, University of North 
Carolina  
Columbia and 
Hudson Rivers 
Quantitative analysis of 
fine suspended particles 
(Sternberg et al. 
1999) 
 
Video-trap System 
 
 School of Oceanography, University of Washington  Northern 
California 
continental shelf 
Particle size, shape and 
settling velocity of SSC 
(Mikkelsen et 
al. 2007) 
In situ Size and 
Settling Column 
Tripod (INSSECT) 
Department of Fisheries and Ocean, Bedford 
Institute of Oceanography 
Po, Chienti and 
Pescara Rivers 
(Italy) 
Floc size and settling 
velocity 
(Mantovanelli 
and Ridd 2008) 
Sedimentation 
Velocity (SEDVEL) 
 
James Cook University, School of Mathematics and 
Physics, Townsville, Australia 
Cleveland Bay 
(Australia) 
Mass concentration and 
mass distribution of 
settling velocities of SPM 
(Davies et al. 
2017)  
Submersible Digital 
Holographic 
Particle Imaging 
System (LISST 
holo) 
Marine Institute of University of Plymouth (UK) Norwegian Fjord Particle size and shape. 
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  Laboratory studies 2.4.2
Natural flocculation processes, including the measurement of sedimentation, 
resuspension, erosion and turbulence intensity, are difficult to reproduce in 
laboratory experiments due to their complexity. However, laboratory experiments 
are valuable for systematically investigating the effects of specific parameters, such 
as salinity, SSC and turbulence, under controlled conditions (Manning 2004c; 
Manning et al. 2004; Mikes et al. 2004). Many simplifications are made in laboratory 
studies to control the different variable parameters in the flocculation process. Four 
different devices, namely the jar test (Mikes et al. 2004), the Couette device (Serra et 
al. 1997; Serra and Casamitjana 1998), the sedimentation column and turbulence 
grid (Maggi 2005) and the annular flume with a video camera system (Dyer and 
Manning 1999)  have been used to both generate turbulence and study flocculation 
processes in laboratory experiments. The development of video technology has 
allowed researchers to obtain both floc size and settling velocity spectra. 
 
Video in Lab (VIL) 
Video in the lab has been used to measure floc size (Mikes et al. 2004). The 
advantages of this instrument are that it requires little equipment cost and it is easy to 
implement. It consists of a glass bowl, a charge coupled device (CCD) camera and a 
variable speed agitator (Figure ‎2.9), which is used to control the turbulence level 
inside the bowl. Floc size can be measured for varying parameters, including 
turbulence level, salinity and SSC. This device is limited to sediment concentrations 
below 0.35 kg/m
3
 (Verney et al. 2009). 
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Figure ‎2.9   Schematic diagram of Video in Lab  
 
Couette flow system 
The Couette flow system was developed at the Geophysical Fluid Dynamics 
Laboratory, University of Girona. The device consists of two cylinders: an outer 
fixed cylinder with two lateral openings for sampling and an inner rotated cylinder 
(Serra et al. 1997; Serra and Casamitjana 1998). A camera is used to measure 
particle size distribution (Figure ‎2.10). The main advantage of this device is that it 
generates more isotropic turbulence when compared with blades in a jar test, and the 
turbulence intensity is known and controlled.  
 
Figure ‎2.10 Schematic diagram of couette flow system 
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Sedimentation column and turbulence grid 
The sedimentation column and turbulence grid method was developed at Delft 
University (Maggi 2005). The instrument consists of five elements: a climatized 
room, a sedimentation column and grid, a sedimentation injection system, a 
measuring system and an overflow tank (Figure ‎2.11). Unlike the previous devices 
where the flow is permanent, the advantage of this device is that both the size and 
settling velocity of flocs can be quantified. Also, it can simulate real environmental 
conditions by controlling temperature, concentrations and turbulence. 
 
 
Figure ‎2.11 Schematic diagram of sedimentation column and turbulence grid 
 
 
Annular flume with a video system 
The method based on the annular flume linked to a video system was developed at 
the Institute of Marine Studies, University of Plymouth (Manning and Dyer 1999) to 
measure settling velocities and floc diameters under various sediment concentrations 
and turbulent shears. The device consists of an annular flume with a diameter of 1.2 
m and a channel depth and width of 0.15 m and 0.1 m, respectively. A ring is 
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suspended from the roof as the annular ring rotates; flow is induced, which creates a 
velocity gradient, and a video camera measures both the settling velocity and floc 
size (Figure ‎2.12). The instrument has an upper viewing turbidity limit of 210 g/m
3
. 
This device is more suited to investigations of the dynamic cohesive sediment, as the 
flocculated particles are not disrupted by recirculating pumps and filters. 
 
 
Figure ‎2.12 Schematic diagram of annular flume with a video system 
2.5 Numerical modelling studies 
During the recent decades, numerical modelling has become increasingly a useful 
tool in cohesive sediment transport management. Flocculation processes can 
significantly alter the hydrodynamic characteristics of the SSC. There are a few 
studies reported in the literature, in which implementation of the flocculation 
formula in three dimensional numerical models. Some of these studies are briefly 
described in this section. 
The floc aggregation and breakup was included in 1DV Reynolds stress model by 
Villaret and Davies (1995). The model was applied to analyse the sediment turbulent 
flow interaction by studying the effect of the floc size distribution over the water 
column. There was no experimental data which can be used for the model validation. 
Bungartz and Wanner (2004) used SEDFLOW model to simulate SSC and the 
particle settling velocity frequency distribution in Spree River, Germany. The model 
includes advection transport, K-𝜀 turbulence model and gravitational settling as a 
basic formula. The sediment transport was modelled as multiple sediment 
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fractions with corresponding multiple deposition behaviour. The model was 
evaluated by comparing the results with field data. The results demonstrated 
that the model is capable to predict the suspended sediment transport and 
deposition. The simulation results indicated that the sediment aggregation can 
not be neglected in cohesive sediment modelling studies considering that there 
is a potential error in cohesive sediment modelling if aggregation is not taken 
into account. 
The Manning model described in Table (2.1) was implemented into 
TELEMAC3D by  Baugh and Manning (2007). The model was applied to 
simulate the flocculation processes in Thames Estuary, UK. The simulation 
results indicated that Manning’s model could produce 93% of the total mass 
settling flux. Whereas, sediment modelling without flocculation processes 
estimated 15% of the total mass. The Manning model proved able to reproduce 
observed SSC with a fairly high degree of reliability. 
2.6 Hydrodynamic and sediment transport in the Severn Estuary 
The Severn Estuary, which is located between South East Wales and the northern 
coast line of South West England, is the largest tidal estuary in the UK. The river 
system has a total catchment area of approximately 25,000 km
2 
(Jonas and Millward 
2010), and the estuary has a total channel length of 137 km. The catchment area 
supplies a total fluvial input of nearly 375 m
3
/s. The estuary is macrotidal, with a 
tidal range of 7–12 m during mean spring tides (Uncles et al. 2002). It is 
characterised as one of the most dynamic estuaries in the world due to its large tidal 
range of up to 14.7 m (Kadiri et al. 2014). The average tidal currents in the estuary 
range from 0.6 m/s–1.5 m/s. The maximum spring tidal velocity is 2 m/s in the inner 
channel and lower estuary. In the narrow, deep channel, the tidal currents exceed 5.5 
m/s (Manning et al. 2010a). The Severn Estuary, which is a mixed sediment system, 
consists of a wide range of different particle sizes, from coarse materials (gravel and 
sand) to fine materials (silt and clay) (Manning et al. 2010a). The estuary has 
extremely high suspended concentrations of 1,000 g/m
3
 at spring tide (Gao et al. 
2011).  
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The source of fine sediment in the Severn Estuary is summarised in Figure  2.13. The 
drainage area receives approximately 1.9 x 10
9
 kg/y of fine sediment from the fluvial 
tributaries (Allen 1990; Winterwerp 1999), with the main contributors coming from 
the rivers Severn, Wye and Bristol Avon. This value contributes to approximately 
77% of the total annual sediment load (Collins 1983). Some fine sediment is 
delivered by the bedrock cliffs on the margins of the Bristol Channel and Severn 
Estuary at the rate of 5 x 10
8
 kg/y. The areas of subtidal mud in the inner Bristol 
Channel and lower estuary conceal about 2.7 x 10
11
 kg/y of settled mud. However, 
the largest area of post-glacial fine sediment is preserved beneath the wetland 
environment. The water body of the inner Bristol Channel and the Severn Estuary 
receives approximately 1.13 x 10
13
 kg/y from the preserved sediment beneath the salt 
marsh wetland. At spring tide, the fine sediment load in suspension is almost 1.3 x 
10
10
 kg/y; by contrast, at neap tide, the fine sediment load is about 9 x 10
9
 kg/y, 
which is approximately 40% less than the value at spring tide. Therefore, the total 
fine sediment from the water body, subtidal mud areas and wetlands is 1.16 x 10
13
 
kg/y (Allen 1990).  
Fine sediment in the water estuary is affected by seasonal cycles and the tidal cycle 
(semi-diurnal or diurnal). For example, during the summer season, the SSCs are 
lower due to increasing temperatures, reduction in wind, less sediment being 
discharged from tributaries and less wave energy, all of which lead to the net 
deposition of fine sediment on the bed. After cohesive sediment settles in the bed 
and forms a fluid mud layer, it gradually consolidates. This layer resists erosion with 
increasing water depth. Spring tides have higher tidal speeds and variable shear 
stress, which maintain fine sediment suspension in the water column and cause the 
resuspension of fluid mud by erosion of flocs from the mud-bed layer. During neap 
tides, the tidal current speed reduces, which contributes to a smaller amount of 
sediment in suspension. This causes it to settle back onto the estuary bed 
(Whitehouse et al. 2000; Kirby 2010). 
The settling velocity of cohesive sediment is enhanced due to its ability to flocculate, 
which then forms a steep gradient change in the concentration profile in the near-bed 
region (Manning et al. 2010a). Whitehouse et al. (2000) measured the turbidity depth 
profile in the Severn Estuary and found variable concentration profiles. There was a 
fluid mud layer seen close to the bed in some profiles, whereas others showed 
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smooth concentration profiles. The authors suggested that a single formula cannot 
reproduce the conditions in each profile. 
 
 
Figure ‎2.13 Summary of movement and exchanges of fine sediment in the inner Bristol 
Channel and Severn Estuary, (Allen 1990) 
 
 
 
2.7 Summary 
Cohesive sediment transport in estuaries and coastal areas is one of the most 
important processes for controlling its morphological evolution and its water quality. 
An accurate determination is required for the settling velocity of the suspended 
material to predict the transport of cohesive sediments. Flocculation significantly 
affects both the transport and fate of cohesive sediment through slowly turning and 
sinking primary particles into large, rapidly sinking flocs (Winterwerp, 1998). The 
dynamic and physical properties of flocs are different from the primary particles, and 
they strongly influence settling, deposition and other sediment transport processes. 
Understanding and predicting settling velocity while flocculation occurs is key to 
predicting deposition and resuspension of cohesive sediment in estuaries. From the 
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literature, the effect of salinity on floc size and settling velocity varies from estuary 
to estuary. It is understood that salinity variations are also affected by variations in 
shear stress, sediment concentration and organic carbon; therefore, it is difficult to 
study each parameter independently (Mietta et al. 2009). The variation in floc size 
and settling velocity under controlled parameters must be understood regarding a 
particular estuary because each one is dynamically and physically different from 
another. The effects of sediment concentration on floc size and settling velocity are 
associated with other parameters, such as salinity and turbulence. In addition, it is 
not possible to measure settling velocity as a function of sediment concentration and 
ignore the other physicochemical parameters. It is evident that the effects of 
turbulence on floc size and settling velocity are dependent on turbulence intensity 
and the methods employed (either laboratory or in situ) in studies as well as the 
variances from one estuary to another.  
2.8 Identified research gap 
Although some flocculation experiments have been performed on natural sediment at 
different salinities, SSCs and turbulences (e.g. Manning 2001, Manning et al. 2004, 
Mikes et al. 2004, Sutherland et al. 2015, Verney et al. 2009), there is still a lack of 
understanding regarding the flocculation phenomenon in the Severn Estuary 
(Manning et al. 2010a), which is one of the highly dynamic estuaries in the world 
due to its large tidal range of up to 14 m. It also has a substantial surface area, which 
makes it an ideal estuary for tidal energy projects and water quality processes. The 
flocculation processes need to better understood in order to be able to assess the 
impacts these changes might have in future water quality processes. Based on the 
literature review, only one in situ study has examined the flocculation of suspended 
sediment. This study was carried out in Portishead (in the Severn Estuary) Twenty-
eight samples were analysed and large flocs (with a diameter of 800 µm) with low 
density were found, while both high and low densities were observed in small flocs 
(150 µm) (Manning and Dyer 1999). This study attempted to gain a better 
understanding of the flocculation processes of cohesive sediment in the laboratory 
using sediment samples from the Severn Estuary with variations of salinity ranging 
from 0 to 30 ppt, turbulence intensity ranging from 0.57 to 8.5 N/m
2
 and suspended 
sediment concentration of 0.1, 0.15 and 0.2 Kg/m
3
.  
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3 Settling velocity of suspended 
sediments 
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3.1 Introduction 
This chapter presents the laboratory experiments that were conducted in this study. 
The collection and storage of the water and sediment samples are described, 
followed by the experiments, which consist of two different parts. The first part deals 
with the analysis of the water and sediment field samples. The second part mimics 
the flocculation phenomenon and measures the flocs size and their settling velocity 
as functions of the hydrodynamic and physicochemical parameters.  
3.2 Study area  
Water and sediment samples were collected from different points along the upper 
Severn Estuary approximately one metre from the shore (see Figure  3.1). The data 
were collected on 16
 
June 2014. Samples were taken at the spring high tide mark of 
9.5 m at Sharpness Dock, England. Samples were collected from three different sites. 
The first site, Slipway, is located upstream at Lydney with coordinate 
2°30`00. 67``N, 51°42`52. 12``W. The second location, Gatcombe, is nestled in a 
wooded valley with coordinate 2°27`68. 27``N, 51°44`05. 10``W The third location, 
Beachley, is located on a peninsula at the confluence of the rivers Wye and Severn, 
where the Severn Bridge ends with coordinate 2°64`92. 79``N, 51°62`47. 63``W. 
These locations are characterised with more cohesive sediments which are affected 
by flocculation processes. The fine sediments in the Severn are coming from the 
fluvial tributaries (Allen 1990; Winterwerp 1999), with the main contributors 
coming from the rivers Severn, Wye and Bristol Avon. This value contributes to 
approximately 77% of the total annual sediment load (Collins 1983). They would be 
directly affected by the construction of a marine renewable energy device. The 
samples were kept in a cool box and then returned immediately to the laboratory 
where they were stored in a refrigerator to minimise biological activity. 
 
This Chapter has already been published as two journal papers: 1. Mhashhash, A., 
Bockelmann-Evans, B. and Pan, S. 2017. Effect of hydrodynamics factors on sediment 
flocculation processes in estuaries. Journal of Soils and Sediments. 2.Mhashhash, A., 
Bockelmann-Evans, B. and Pan, S. 2018. A new settling velocity equation for cohesive sediment 
based on experimental analysis. Journal of Ecohydraulics. Accepted for publication. 
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Figure ‎3.1 Map of Severn Estuary showing the location of three sampling sites 
(Slipway, Gatcombe and Beachley) 
 
3.3 Part 1: Sediment and water analysis 
This section describes the water and sediment properties. The water analysis is 
described in sections ‎3.3.1 and ‎3.3.2. The sediment analysis is described in 
sections ‎3.3.3, ‎3.3.4 and ‎3.3.5. The physicochemical parameters of the estuary water 
(salinity and pH) were measured in samples collected at each site. The results are 
shown in Table ‎3.1. 
 pH 3.3.1
The pH of the water was determined using an electronic pH meter. The probe was 
immersed in the sample bottle after allowing the meter to stabilise before the reading 
was taken. The pH meter was calibrated with two calibration solutions at pH 4 and 
pH 9 prior to use. The probe was rinsed with deionised water and wiped dry between 
sample readings.  
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 Salinity 3.3.2
 Salinity is measured in part per thousand (ppt) by the degree of concentration of the 
dissolved salt. Since salts form ionic particles when dissolved, salinity is a strong 
component of conductivity. Usually, salinity is estimated using algorithms based 
upon conductivity, which is much easier to measure. In this study, an electronic 
conductivity meter was used to measure the salinity. Prior to use, the salinity probe 
was calibrated using a calibration solution at the conductivity of 1,413 ms/cm. The 
probes were rinsed with deionised water after each use to ensure that no cross-
contamination occurred between samples. 
Sediment characteristics play an active role in the sediment transport processes in the 
water ecosystems by affecting nutrient and other pollutants adsorption and 
desorption as well as the resuspension and deposition of sediment particles and thus 
string bathymetric changes. The apparatus and procedures for analysis of the 
suspended sediment characteristics, such as particle density, mineral composition 
and particle size distribution are described in this section. 
 Particle density 3.3.3
The empty glass bottle was weighed (m1). The sediment sample then was dried 
overnight in an oven at 105
0
C. The bottle and 5-10 g of the dry sample were weighed 
(m2). The weight of the sample was calculated as the difference between (m1) and 
(m2). Sufficient air-free distilled water was added in three stages until the bottle was 
filled with the water. Between each stage, the bottle and its content were placed in a 
vacuum desiccator. The desiccator was evacuated gradually, reducing the pressure to 
about 20 mm of mercury. Care was taken during this operation to ensure that air 
trapped in the soil did not bubble too violently, which could have led to small drops 
of the suspension being lost through the mouth of the bottle. The bottle in the 
evacuated desiccator was left for at least one hour until no further loss of air was 
apparent. The bottle and its contents were then weighed (m3). The bottle was cleaned 
and filled completely with air-free distilled water, wiped dry and then weighed (m4). 
This procedure was repeated twice. Therefore, two values of particle density were 
obtained. The average of the two results was calculated. If the difference between the 
two results was more than 0.03 mg/m
3
, then the test was repeated. The particle 
density was calculated using the following equation: 
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ρp =
ρ(m2 − m1)
(m4 − m1) − (m3 − m2)
 (‎3.1) 
where ρ is the density of the liquid used at the constant temperature (in kg/m3), ρp is 
the particle density, m1 is the mass of the density bottle (in g), m2 is the mass of the 
bottle and dry soil (in g), m3 is the mass of the bottle, soil and liquid and m4 is the 
mass of the bottle when full of liquid only (in g). 
 X-ray diffraction analysis ( XRD)  3.3.4
Before the particle size was determined, X-ray diffraction analysis was carried out 
using a Philips PW 3830 X-ray instrument to analyse and determine the dominant 
minerals present in the solid sediment samples (Figure ‎3.2). The samples were dried 
at 105°C for 24 hours. A small amount of the dried sample was then placed on the 
sample holder in the X-ray sample chamber, and the scan was run. After completing 
the scan, the data were exported and analysed using the software X’Pert High Score. 
The composition of the crystalline minerals was then identified by searching and 
matching the sample peaks with the known mineral peaks. The sensitivity of the 
XRD was 0.1%. 
 
Figure ‎3.2 X-ray diffraction instrument for determining the dominant minerals present 
in the samples  
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 Particle size distribution 3.3.5
The particle size distribution of the suspended sediment samples was analysed using 
a Malvern Master Sizer 3000 (Figure  3.3). Before the particle size analysis of 
samples, specific information is needed such as particle density of the suspended 
sediment and the chemical composition of the suspended sediment. These 
parameters were measured previously (see sections  3.3.3 and  3.3.4). The Malvern 
Master Sizer uses a rapid technique that detects a wide range of particle sizes (from 
0.02 μm to 2000 μm) with an accuracy of ± 1% on the d50 (median grain size). The 
Malvern Master Sizer uses laser diffraction to measure the size of the particles. The 
particle density value and the information about the chemical composition of the 
sediment were then entered into specialist computer software. The intensity of the 
light scattered is measured as a laser beam passes through a dispersed particulate 
sample. These data are then analysed using specialist computer software to calculate 
the particle size distribution. 
 
 
Figure ‎3.3 Malvern master sizer instrument for measuring particle size distribution 
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3.4 Part 2: Flocculation phenomenon 
Monitoring flocculation behaviour of cohesive sediment in situ is difficult and 
costly. Previous researchers have investigated the behaviour of cohesive sediment in 
the laboratory and carried out numerical modelling that can be used to simulate the 
natural condition. It is difficult to produce the correct detail of natural flocculation 
processes in the laboratory due to the complexity of processes involved such as 
sedimentation, resuspension, erosion and turbulence intensity. However, laboratory 
experiments are valuable for systematically investigating the effects of specific 
parameters, such as salinity, SSC and turbulence, under controlled conditions (Van 
Leussen 1999; Manning 2004c; Manning et al. 2004; Mikes et al. 2004). The ability 
to determine floc size and settling velocity in hydrodynamic estuarine waters and to 
represent these accurately in numerical models could contribute to the better 
understanding and knowledge of managing estuarine and coastal waters under future 
stresses such as climate change. In addition, flocculation mechanisms (i.e. floc size 
and settling velocity) can be more accurately represented in numerical models at the 
field scale, and direct effects on morphological and water quality processes can be 
better investigated. 
Part 2 of the experiments was carried out to address the following two main aims: 
1. To study the effects of the hydrodynamic parameters of sediment 
concentration, salinity and turbulence shear stress on floc size and settling 
velocity using a particle image velocimetry (PIV) system. 
2. To derive a new regression equation for predicting the settling velocity as a 
function of the hydrodynamic parameters using Minitab and the PIV system. 
 Experimental setup  3.4.1
Flocculation experiments were conducted in a 1L glass beaker of 11 cm diameter. It 
was equipped with a variable speed agitator to control turbulence of the flow inside 
the beaker. This device was prepared by adapting the method used by Mikes et al. 
(2004). A settling column with a diameter of 5 cm and a height of 40 cm was used to 
measure the flocs’ settling velocities. Flocs were introduced from the top of the 
settling column filled with water, where the falling flocs were filmed using a PIV 
system, as shown in Figure ‎3.4. The PIV system consists of a backlight which is 
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positioned opposite the CCD camera to provide a uniform black background upon 
which particles appear as white. The CCD camera had 1392X1040 pixel sensitivity, 
focal length, f, of 9mm and a maximum frequency of 30fps (Δt= 1/30 s), a Polytec 
BVS-11 Wotan flash stroboscope and trigger box, fibre optic cable and linelight 
(Harries et al. 2013).  
 
 
 
 
 
 
 
 
 
 
 
Figure ‎3.4 PIV set-up in the laboratory (Mhashhash et al. 2017) 
 
 Instrument calibration 3.4.2
The hydrodynamic shear stress inside the beaker was quantified by measuring the 
velocity. The angular velocities (ω) of the agitator were set at 37, 50, 70, 90 and 110 
rpm. Turbulence is typically obtained from three velocity components (u′, v′ and 
w′), but the radial velocity (w′) was found to be so small that it could be neglected. 
Therefore, at each rotational speed, the turbulent kinetic energy (K) was calculated 
from the measurements of the tangential and vertical velocity fluctuations 
(u′and v′). Turbulent kinetic energy (K) was defined as follows: 
PC   
    
Agitator 
 Settling column 
        
Light 
               
Beaker 
   CCD 
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K =
1
2
(u′2 + v′2) (‎3.2) 
 
Figure ‎3.5 shows the top view of the beaker with a diameter (D) of 11 cm. The light 
was at a distance (y) of 2 cm from the centre of the beaker. Because the fluctuation 
velocity is a function of the flow velocity, it could not be calculated directly using 
the PIV camera. In Figure ‎3.5, the green arrow shows the flow velocity (u) and the 
red arrow shows the fluctuation velocity (u′, v′), which was calculated as follows: 
 
u′ = u cosø (‎3.3) 
 
v′ = v sinø (‎3.4) 
 
 
 
 
Figure ‎3.5  Top view of the beaker 
 
Equation 3.5 was used to determine the turbulent shear stress (TS) in N/m
2
 (Manning 
2004b): 
TS = 0.19𝜌𝑤K (‎3.5) 
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where 𝜌𝑤 is the water density and which was assumed to be 1000 kg/m
3
, 0.19 is an 
empirical value and K is the turbulent kinetic energy. 
The flow velocity, u, was also calculated theoretically by conversion of the angular 
velocity into the linear velocity. 
𝑢 =
𝜋D𝜔
60000
 
(‎3.6) 
  
where D is the diameter of the beaker (mm), and ω is the angular velocity (rpm). 
Also, the turbulent shear stress was classified in units of length using the 
Kolmogorov (1991) microscale (ƞ):   
ƞ = (
υ 3. L
K
3
2. Cv
)
1
4 (‎3.7) 
 
where Cv is a K- 𝜀 closure constant value set at 0.09 (Manning and Dyer 1999), L is 
the mixing length, which corresponds to the diameter of the beaker (0.11m), K is the 
turbulent kinetic energy and υ is the water kinematic viscosity (1.15 X 10−6 m2/s). 
 PIV system validation 3.4.3
The PIV system was validated by measuring the settling velocities of artificial sand 
of four different sizes (63, 150, 212 and 300 μm). Before measuring the settling 
velocity, sand samples were prepared for the experiment. The particle size was 
measured by using a set of sieves of known mesh size. Dry sand samples were 
passed through the set of sieves, which were arranged in decreasing mesh diameters, 
and the sieves were mechanically vibrated for twenty minutes (Figure ‎3.6).  
After sieving the sand sample, the settling velocity of each size fraction was 
measured. There are several different methods available for measuring the fall 
velocities of particles within a water column. In the technique used here, particles 
were introduced from the top of a settling column that was 5 cm in diameter, 40 cm 
in length and filled with de-aired water. The tap water was left for one day in the 
water tank. This step is essential to remove dissolved air in the water and to obtain a 
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clear picture when taking pictures of the samples. The settling velocity was 
measured by recording both the travelling time and the distance of particles via a 
particle image velocimetry (PIV) camera. The experiments were conducted at room 
temperature of 20
°
C ± 0.5°C. All experiments were performed under quiescent 
conditions without shear. The particles were introduced from the top of the settling 
column into the water and allowed to settle approximately 13 cm by the force of 
gravity prior to switching the camera on to allow any activity from the introduction 
method to be damped out. The PIV system proved to work well and be method of 
recording the measurement of particles >60 μm.  
 
Figure ‎3.6 Vibratory sieve shaker for analysing sand size 
  
Set of sieves 
Sieve shaker 
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 Experimental procedures for measuring the effects of 3.4.4
hydrodynamic parameters on the flocculation processes 
A set of laboratory experiments was conducted to investigate the effects of salinity 
(S), turbulent shear stress (TS) and suspended sediment concentration (SSC) on the 
flocculation processes. The first subsection describes the settling velocity of the 
samples collected from the Severn Estuary under different conditions: dry, wet, 
semi-wet and fully mixed samples. The following subsection describes the 
flocculation phenomenon and the effects of hydrodynamic parameters on the floc 
size and the flocs settling velocity. 
 Settling velocity of cohesive sediment 3.4.4.1
The settling velocity of the sediment particles without flocculation was measured in 
order to calibrate the numerical model which is discussed in Chapter 5. The settling 
velocity of Severn Estuary samples was measured using four different conditions: 
dry, wet, semi-wet and fully mixed sampling procedure in order to improve our 
understanding of particles behaviour under these different conditions. All 
experiments have been duplicated. 
Dry sample procedure 
A well mixed one-litre estuarine water sample was filtered through 0.45 µm 
cellulose filter paper. The filter with the wet sample was left in the oven for 24 hours 
at 105
°
C. The weight of the dry sample was then calculated as the difference 
between weight of the filter with the dry sediment and the empty filter paper. Next, 
0.5 g of the dry sediment sample were introduced from the top of a one-litre water 
column, and the PIV camera was then used to capture images over a period of 50 
seconds. 
Wet sample procedure 
The field sample was lifted into the bottle to allow the sediment to settle under the 
force of gravity. The water above it was carefully removed, and 3 ml of the settled 
sample from the bottom was introduced into the top of a one-litre water column. The 
sample was cloudy, and its settling velocity was measured manually by dividing the 
difference between the distances of the cloud front from two camera images over 
time. The settling velocity can be calculated as  
Chapter 3: Laboratory experiments 
52 
 
Ws =
𝛥𝑦
𝛥𝑡
 (‎3.8) 
where: 𝛥𝑦 is the difference between the distances of the front of the cloud on the 
images, and 𝛥𝑡 is the difference in the times between the images. 
Semi-wet sample procedure 
A small amount of water was added to 1 g of the dry sample and mixed gently. The 
sample was introduced into the settling column from the top. The settling velocity of 
the semi-wet sample was then measured via analysis of the camera images.  
Fully mixed sample procedure 
The field sample in the bottle was shaken gently, and the sediment then settled under 
the force of gravity. The settling velocity was measured every 15 min by dividing the 
clear front settled distance in the water over time.  
 
 Influence of hydrodynamic parameters on the floc size and settling 3.4.4.2
velocity  
The replication of natural flocculation processes in laboratory experiments is 
challenging because of the complexity of the processes involved such as 
hydrodynamic processes, ionic interaction and adsorption of chemical components 
and contaminants (McCave 1984; Droppo 2001; Tombácz and Szekeres 2004; 
Mietta et al. 2009). Nevertheless, laboratory experiments are valuable because they 
systematically investigate the effects of specific parameters, such as salinity, 
suspended sediment concentration and turbulence, under controlled conditions 
(Manning 2004c; Manning et al. 2004; Mikes et al. 2004). This study focuses on 
investigating the influence of salinity, suspended sediment concentration and 
turbulence on floc size and settling velocity. The experiments were carried out in two 
main steps. In the first step, the highest tested shear stress of 60 N/m
2
 was applied to 
break down any potential macroflocs in suspension. In the second step, the agitator 
was run at the lowest turbulence level of 0.57 N/m
2
 for a duration of 120 min as 
recommended by Mikes et al. (2004) and Verney et al. (2009). Correspondingly, in a 
tidal cycle, two hours is the typical period of time available for flocculation to occur 
at favourable conditions present during the slack water period. Le Hir et al. (2001) 
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stated that the average floc size no longer changes after two hours and flocs have to 
settle in throughout the tidal cycle, which is around low and high tide.  
Consequently, there is no need to examine a longer period. 
Effect of S on floc size and settling velocity 
The formation of aggregates at different salinity ranges was chosen to simulate the 
natural processes of cohesive particles in the estuary as they pass from fresh water 
into highly saline marine waters. To explore the effects of salinity variation on floc 
size and settling velocity, a set of laboratory experiments with salinity levels of 0, 
0.5, 1, 2, 2.5, 5, 7.5, 10, 20, and 30 ppt were conducted at suspended sediment 
concentration (SSC) and a turbulence level (TS) of 100 g/m
3
 and 0.57 N/m
2
, 
respectively. 
Effect of SSC on floc size and settling velocity 
The formation of aggregates at different SSC was chosen in this study as the 
important variable which governs the collision rate and subsequent degree of 
flocculation of particles in estuarine waters. To determine the effect of sediment 
concentration variation on flocs size and settling velocity a set of laboratory 
experiments with SSC of 100, 150 and 200 g/m
3
 were conducted at two different 
salinities of S 2.5 and 20 ppt and at turbulent level of 0.57 N/m
2
.  
Effect of TS on floc size and settling velocity 
Turbulence plays a major role in the flocculation mechanism. The formation of 
aggregates at different TS was chosen in this study as one of the important variables 
which governs the collision rate and subsequent degree of flocculation of particles in 
estuarine water. To investigate the effects of turbulent shear stress variation on floc 
size and settling velocity, a set of laboratory experiments with turbulent shear 
stresses of 0.57, 1.7 and 3.8 N/m
2
 were conducted for SSC of 100 g/m
3
 and S of 2.5, 
5 and 20 ppt.  
In each test, the flocs were carefully extracted from the glass beaker with a syringe, 
and they were gradually introduced into the settling column. The diameter of the 
syringe was sufficiently large to minimise floc breakage. This sampling protocol 
(syringe sampling) was successfully used and validated against in situ floc 
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observations (Gratiot and Manning 2004; Manning et al. 2010c; Manning and 
Schoellhamer 2013). Following the introduction of the sample into the water 
column, the flocs were allowed to settle by gravity over a distance of nearly 13 cm 
prior to switching the camera on to permit the damping out of any activity caused by 
the introduction method of the flocs into the settling column. 
Mimicking of the natural journey of a particle in estuarine water 
Two additional experiments were conducted in this study to investigate the effects of 
turbulence and salinity on particle size over time. In natural estuarine waters, 
turbulence varies during the tidal cycle (Zhu et al. 2015). This study explored this 
phenomenon to identify the effects of turbulence on FSD over time. In estuarine 
areas, particles that issue from catchment areas move through the salinity gradient of 
the estuary (Mikes et al. 2004). The effect of the salinity gradient on floc size over 
time was considered in order to mimic the natural journey of a particle in estuarine 
water. In each experiment, only one parameter was varied at a time, while the other 
was kept constant. The first experiment was commenced at an S of 2.5 ppt, SSC of 
100 g/m
3
 and TS of 0.57 N/m
2 
and run for 2 hours to allow the flocs to develop from 
the initial state to an equilibrium state (Le Hir et al. 2001; Mikes et al. 2004). Then 
the turbulent shear stress was increased hourly until it reached 8.5 N/m
2
. The second 
experiment was conducted at an SSC of 100 g/m
3
, TS of 0.57 N/m
2
 and S of 2.5 ppt 
and run for 2 hours. Then the salinity was increased every hour until it reached 30 
ppt. The agitator was stopped for 3–5 seconds to take the PIV images for use in the 
analysis of the size of the flocs. Pictures were taken over a period of 50 seconds. 
 PIV camera data analysis 3.4.5
The experiments were aimed to measure the floc size and settling velocity of 
individual flocs occurring at different dynamic parameters. This section describes the 
data analysis techniques that were applied to data recorded with the PIV camera 
(Verney et al. 2009; Keyvani and Strom 2014; Zhu et al. 2015). The ImageJ program 
was used to calculate floc properties, including area, location and circularity. This 
method generally uses sequences of floc images taken at two-second intervals. The 
floc size distribution and settling velocity were both obtained from floc image 
recording and processing. There were five main steps in the image processing: (1) 
selecting the flocs manually at the start and at the end of the sequence by opening 
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images using image editor and paint program; (2) enhancing background (brightness 
and contrast); (3) removing any noise to make sure the flocs appear in all of the 
sequential images by opening images using an image editor and the paint program; 
(4) removing all flocs which are touching the image boundary and are not in focus; 
and (5) calculating the features of flocs, including sectional area and location, by 
using the “ImageJ” software. As this method is interactive, the risk of errors being 
made in the determination of the floc paths is very low. 
ImageJ was used to detect particles larger than 60 µm; below this limit, the pixel 
resolution of the floc measurement was not consistent. Hence, the smallest 
microflocs (< 60 μm) were not accounted for in the description of the floc population 
during the experiment. Floc size was obtained using the contrast between the dark 
background and the white silhouette of each floc. The surface equivalent diameter d 
was calculated by converting particle area (𝐴) into an equivalent circular diameter 
(Flory et al. 2004; Mikes et al. 2004; Verney et al. 2009) as follows: 
 
d = √
4A
π
 (‎3.9) 
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3.5 Results and discussion 
  Physicochemical water parameters of field samples 3.5.1
The physicochemical parameters of the water samples collected at the three sites 
namely, Slipway, Gatcombe and Beachley, on 16th June 2014 at spring tide 
condition are presented in Table ‎3.1. The physicochemical water parameters pH and 
salinity (S) were measured for six water samples at each site. 
Slipway 
The pH at Slipway was found to range from 6.9 to 7.42. The salinity was found to 
range between 14.60 ppt and 14.74 ppt.  
Gatcombe 
The pH at Gatcombe was found to range from 6.99 to 7.83. The salinity was found to 
range between 18.06 ppt and 18.39 ppt.  
Beachley 
The pH at Beachley was found to range from 7.08 to 7.79. The salinity was found to 
range between 19.27 ppt and 19.37 ppt. The average salinity range increased by 25% 
from upstream to downstream from 14.57 ppt to 19.33 ppt.  
 
Table ‎3.1 Physicochemical parameters of water samples collected at three different 
sites (Slipway, Gatcombe and Beachley ) 
Samples 
Slipway Gatcombe Beachley 
pH S (ppt) pH S (ppt) pH S (ppt) 
S1 7.01 14.67 6.99 18.14  7.54 19.34 
S2 7.42 14.60 7.83 18.06  7.55 19.27 
S3 7.01 14.72 7.81 18.12  7.61 19.39 
S4 7.32 14.74 7.52 18.14  7.79 19.32 
S5 6.90 14.62 7.70 18.39  7.66 19.37 
S6 7.28 14.63 7.62 18.18  7.08 19.32 
Average 7.15 14.57 7.58 18.17 7.53 19.33 
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 Sediment characteristics of sediment samples 3.5.2
The results of the suspended sediment characteristics are shown in this section 
including particle density and particle size distribution. 
Particle density 
Measurement of particle density is important for the analysis of particle size 
distribution. The particle density of the Severn Estuary samples was measured in the 
laboratory and was found to be 2433.28 kg/m
3
. Also, the particle density of the 
artificial sand sample was measured in order to validate the particle image 
velocimetry (PIV) system. The sand density was 2650.94 kg/m
3
. 
Particle size distribution 
The suspended sediment in the Severn Estuary from the three sites Slipway, 
Gatcombe and Beachley comprised to 95 % of cohesive sediments (Figure ‎3.7), with 
a d50 of 11.4, 11.2 and 11.1 µm, respectively. 
 
 
Figure ‎3.7 Particle size distribution of the Severn Estuary sediment samples at sites 
Slipway, Gatcombe and Beachley 
 
 
 PIV system calibration and validation 3.5.3
The results of the comparison between the experimental flow velocity (calibration 
flow velocity in the beaker) and the theoretical flow velocity are shown in 
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Figure ‎3.8. The theoretical flow velocity was calculated by converted the rotation 
speeds from (rpm) into the linear velocity (m/s) using equation (‎3.6). The flow 
velocities were found to correlate well at a R
2
 value of 0.98. This result confirms the 
accuracy of the PIV camera and the suitability of this method to this novel type of 
application, which supports its previous application by Maggi (2005). Table ‎3.2 
presents the calculated turbulent shear stresses that correspond to all of the rotational 
speeds and the experiment (measured) and theoretical (calculated) average flow 
velocity values. 
 
 
Figure ‎3.8 Comparison between experimental and theoretical flow velocities. 
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Table ‎3.2 Shear flow parameters with respect to different angular velocities 
Angular  
velocity 
Flow velocity Turbulent 
shear 
stress 
Measured Calculated 
rpm m/s m/s N/m
2
 
37 0.10 0.08 0.57 
50 0.14 0.14 1.70 
70 0.20 0.22 3.80 
90 0.26 0.21 6.00 
110 0.32 0.29 8.50 
 
The PIV system was validated by measuring the settling velocities of artificial sand 
of four different sizes (63, 150, 212 and 300 μm) in the settling column. The settling 
velocities of the differently sized artificial sand particles were measured theoretically 
by using Stokes’ law equation ( 2.1). This equation is a function of sand size and sand 
density which has been measured in the laboratory (see section ‎3.5.2 for the result). 
The results of using the PIV camera compared well with the theoretical results of 
using Stoke’s law (Figure ‎3.9). For particles with diameters less than 212 μm, the 
results showed reasonable clustering around the 1:1 line. The results for particles of 
300 μm were in agreement within a factor of two of the theoretical value 
(Figure ‎3.9). The results showed an accuracy of 90% in estimating the size and 
settling velocity of all the differently sized sand samples. These results confirmed the 
accuracy of the PIV camera and the suitability of this method for measuring the 
settling velocities in this experimental setup (Mhashhash et al. 2016). Due to the 
optical limitations, using a 1L glass beaker in the laboratory to mimic floc behaviour 
is operational only for sediment concentrations below 0.35 kg/m
3
 (Verney et al. 
2009). The results showed that the main limitation of the PIV experiments carried 
out in this study was the light source, which was not strong enough to operate with 
sediment concentrations above 0.25 kg/m
3
. Financial restrictions prohibited the 
purchasing of a stronger light source as part of this project. 
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Figure ‎3.9 Comparisons of theoretical settling velocities with velocities measured in the 
laboratory using PIV camera 
 
 Settling velocity of cohesive sediment  3.5.4
The settling velocities of the field samples were measured under four methods of 
dosing the settling column with the samples: dry, wet, semi-wet and fully mixed. The 
aim was to study the sediment settling behaviour. The results of these methods are 
explained in the following: 
Dry sample 
The settling velocity of the dry sample as function of time was measured by 
analysing the PIV images. The ImageJ software was used to analyse the images and 
calculate the settling velocity. The settling velocity resulting for the dry sampling 
method is shown in Table ‎3.3. 
Wet sample 
The settling velocity resulting from the wet sample method was measured by using 
equation (‎3.8) as the difference between the distances of the front of the cloud on the 
images over time (see Figure ‎3.10).  The settling velocity of the wet sample was 
calculated for ten pictures, and then the average of settling velocity of all pictures 
was calculated. The result is described in Table ‎3.3. 
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      (a)                                  (b) 
Figure ‎3.10 PIV images of the settling of the wet suspended sediment sample at 
different time steps 
 
Semi-wet sample 
The settling velocity of the semi-wet sample was calculated by analysing PIV 
images. The average settling velocity of semi-wet sample was calculated for ten 
pictures, and then the average of settling velocity of all pictures was calculated. The 
result is described in Table ‎3.3. 
Fully mixed sample 
The settling velocity of the fully mixed sample was measured using the traditional 
method by dividing the clear front settled distance in the water over time for twelve 
hours. Figure ‎3.11 shows the settling velocity of the fully mixed sample, which had a 
maximum of < 0.35 mm/s, as a function of time. The average settling velocity was 
calculated by averaging all the data points. The result is described in Table ‎3.3. 
 
  Δy 
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Figure ‎3.11 Settling velocity of the fully mixed sample as a function of time. 
 
The settling velocities of the field samples were calculated for the four sampling 
different conditions (dry, wet, semi-wet and fully mixed). Comparisons between the 
different sampling conditions are presented in Table ‎3.3. The fully mixed sampling 
conditions presented results with very slow settling velocities resulting from particles 
that were too fine, while the settling velocity of the wet sample conditions caused the 
presence of bigger distance with much larger settling velocities in the Severn Estuary 
sample. Notably, the settling velocities of both the dry and semi-wet samples were 
approximately the same. It is recommended that using the fully mixed sampling is a 
proper method to describe the settling velocity of a single particle size. 
Table ‎3.3 Settling velocity of Severn Estuary sample (Ws: settling velocity) 
Sampling condition Ws (mm/s) Measure method 
Fully mixed sampling 0.100 Using traditional method of 
measuring distance over time of 
clear front settling down 
Wet sampling 35.00 Using photo analysis 
Dry sampling 11.20 Using photo analysis 
Semi-wet sampling 11.87 Using photo analysis 
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 Flocs size distribution (FSD) 3.5.5
In each test, ten images were analysed to produce the FSD (Maggi 2005). The 
particle sizes were primarily divided into eight size bands. Band 1 consists of floc 
sizes below 100 µm, while band 8 consists of floc sizes higher than 700 µm. Other 
size ranges with increasing floc sizes starting from range 1 and going up to 8 of the 
flocs were represented by bands 2 to 7. The floc size was transformed to a particle 
area (A%) based on a FSD according to the following equation  
%𝐴𝑖 =
𝐴𝑖
𝐴𝑇
 𝑋 100 
(‎3.10) 
where 𝑖 is the size band. 𝐴𝑖 is the total area of the particle at size band 𝑖, and 𝐴𝑇 is 
the total area of all the particle size band. 
 Effect of salinity on FSD 3.5.5.1
The spherical equivalent FSDs as a function of S (0, 0.5, 1, 2, 2.5, 5, 7.5, 10, 20 and 
30 ppt) are shown in Figure ‎3.12. The results are classified according to the shape of 
the histograms in four graphs: 1) Figure ‎3.12a shows the salinities of 0, 0.5 and 1 
ppt; 2) Figure ‎3.12b shows the salinities of 2 and 2.5 ppt; 3) Figure ‎3.12c shows for 
the salinities of 5 and 7.5 ppt; 4) Figure ‎3.12d shows the salinities of 10, 20 and 30 
ppt. The distribution of floc sizes demonstrates that the particle sizes ranging from 
70 μm (detection limit) to 941.6 μm (maximum floc size). The largest overall area 
was for floc size ranging from 100–250 μm. The largest floc sizes (>700 μm) were 
detected only at the S of 2.5 ppt, whereas no particles less than 100 μm were 
detected for this salinity. The area of floc size (600-700) μm decreased by 3% with 
increasing salinity from 2.5 to 5 ppt.  
The maximum and average floc sizes (dmax and davg) exhibited variability that 
increased as the salinity increased from 0 to 2.5 ppt. The variability then decreased to 
an almost constant value of 504 μm at S larger than 5 ppt. The floc size indicated 
that dmax at S of 2.5 ppt (941 μm) produced approximately double the floc size 
displayed in fresh water and higher saline water of S >7.5 ppt. Compared to the 
dmax, the area of the floc size (100–200) μm increased by 15% from very low 
salinity to a high salinity of 30 ppt. The process can be observed in the laboratory, at 
low salinity rates the water became less turbid as a result of the particles that were 
involved in flocculation processes.  
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In fresh water, the positive charge on the edge of the flocs is low. Subsequently, the 
flocs are small in size. This result has been reported by different authors (Dorich et 
al. 1984; Droppo and Ongley 1994). When the amount of sodium chloride (NaCI) 
and other salt water ions was increased the positive charge on the floc edge gradually 
increased until it is big enough to induce flocculation, and the flocs are bigger at S of 
(2–2.5) ppt. The onset of flocculation occurred under low salinity conditions, which 
was found to be the best environment for the flocs to reach the maximum size greater 
than 700 μm.  
This result was in good agreement with the findings of previous studies. Dobereiner 
and McManus (1983) found that coagulation increased at low salinities (1–2) ppt 
based on data from the Tay Estuary. Gibbs and Konwar (1986) found that the 
aggregate size in the Amazon Shelf depended on salinity when it was less than 10 
ppt. Wollast (1988)  found that intense flocculation occurred as soon as the salinity 
level was increased to about 1 ppt and was complete when it reached values above 
2.5 ppt. Krone (1962); Allersma et al. (1967); Migniot (1968); Lintern (2003) and 
Thill et al. ( 2001) showed that salinity variation affected flocculation up to a 
threshold beyond which no significant effect was observed.  
Any further increase in the level of salinity reduced the repulsive force between the 
face and the edge of the floc and led to weakly structured flocs that were relatively 
small (Nasser and Twaiq 2011). This finding demonstrates that the aggregation 
effect is dominant at the low salinities because of the shortage of large flocs. Over 
time, breakage becomes competitive when sufficient number of large and fragile 
flocs exists in the system. The increase in the percentage of small flocs with 
increasing salinity could be caused by collisions. This result corresponds with the 
results of a field study by Van Leussen (1999) carried out in the Ems Estuary. The 
findings showed that a floc size of less than 160 μm increased strongly from low 
salinities toward the seaward boundary, whereas the overall area of floc sizes larger 
than 160 μm increased in the low salinity region. 
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Figure ‎3.12 The size band distribution of floc area against salinity; the ranges represent 
the standard deviations between two runs 
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 Effect of suspended sediment concentration on FSD 3.5.5.2
The floc size distributions as a function of SSC (100, 150, and 200) g/m
3
 at both 
salinities of 2.5 ppt and 20 ppt are displayed in Figure ‎3.13. Floc size exhibits 
variability that increases with increasing SSC at both salinities of 2.5 ppt and 20 ppt. 
The floc size distribution for the data shows that particle sizes ranged from 75 μm to 
941.6 μm, with the greatest numbers of flocs being in the 150-250 μm range. The 
percentage of large flocs (>700 µm) at S 2.5 ppt decreases from 9% to 2% with 
increasing sediment concentrations from 100 to 200 g/m
3
 as shown in Figure ‎3.13 a. 
This result is in good agreement with the results obtained by Manning and Dyer 
(1999), who worked at the Tamar Estuary with in situ settling velocity (INSSEV). 
This decrease in the percentage of large flocs with increasing sediment concentration 
could be a result of the disruption caused by collisions (with an increase in collision 
frequency as SSC increase), whereas aggregation at low sediment concentrations and 
salinity of 20 ppt is less than that at low sediment concentration and salinity of 2.5 
ppt. 
 The flocculation onset can occur at low salinity and low concentration. This is the 
best environment for floc size to reach the maximum size of more than 700 µm as 
discussed previously in section 3.5.5.1. With increasing SSC at low salinity, the flocs 
are more likely to bump into each other more frequently which subsequently can 
cause flocs’ breakdown. In this situation, the floc size is still larger than 700 µm but 
the percentage of the large flocs is decreased by 7% (Figure ‎3.13 a). Figure ‎3.13 b 
indicates that at a high salinity of 20 ppt the particles do not exceed 500 µm at SSC 
of 100 mg l
-1
. This stage might be transitory until a specific amount of sediment is 
attained, which gives particles a higher chance to bump into each other and reach 
sizes in excess of 700 µm at SSC of 200 g/m
3
 (see Figure ‎3.13 b). At S of 20 ppt, the 
peak at SSC of 100 and 150 g/m
3
 is almost the same, for floc sizes (100 – 200 µm). 
The position of the peak moved with increasing SSC to 200 g/m
3
 from smaller floc 
size towards larger floc size. At the same salinity range of (20 ppt), the maximum 
floc size increases with increasing SSC. A possible reason is that at high salinities of 
20 ppt the probability of collision between particles is enhanced with increasing 
SSC. Consequently, the floc sizes increase with increasing SSC (Figure ‎3.13 b). 
Eisma et al. (1991) found that the increase in SSC will have an influence on reducing 
the turbulent level and are contributing to increasing the frequency of particle 
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collisions and hence causing enhanced flocculation. Tsai et al. (1987) conclude that 
increased sediment concentration may enhance flocculation by increasing particle 
size due to increased frequency of particle collisions with increased SSC and 
reduction of inter-particle space. 
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Figure ‎3.13 Floc size distribution at various concentrations for  a) S=2.5 ppt and b) 
S=20 ppt 
 
 Effect of turbulence on FSD 3.5.5.3
The FSDs as a function of the turbulent shear rate at salinity of 2.5 ppt are shown in 
Figure ‎3.14. At the smallest shear stress (0.57 N/m
2
), no particles smaller than 100 
µm were detected, but particles larger than 500 µm were observed. However, at the 
highest shear stress of 8.5 N/m
2
, 50% of the floc area was made up of particles less 
than 100 µm, and no particles larger than 400 µm were detected. This finding 
indicates that the range of turbulent shear stresses (0.57–8.5 N/m2) is causing the 
aggregate to break up instead of enhancing the flocculation process. The average floc 
size ranged between 204 µm to 135 µm (Figure ‎3.14). There was a decrease in the 
average floc size as well as the maximum floc size as the turbulent shear stress 
increased.  
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The Kolmogorov microscale values used for the experimental work exhibited good 
correspondence with the maximum floc size. The maximum floc size (dmax) was 
approximately two-and-half times the length of the Kolmogorov scale (ƞ). 
Figure ‎3.14 indicated that the largest Kolmogorov microscale value is 350 µm and 
once this value was decreased, which means the turbulent shear stress increased, this 
was causing aggregate breakup as opposed to the enhancement of flocculation 
process. 
 
 Effect of salinity changes over time with a constant agitator speed 3.5.5.4
on FSD 
During the test and the following subsequent image analysis, it became apparent that 
increased salinity did not improve the flocculation phenomenon as discussed 
previously in section ‎3.5.5.1. As mention above in section ‎3.5.5.1, the floc size 
decreased as the salinity increased from 2.5 to 7.5 ppt. It is believed that flocculation 
is enhanced by increasing salinity up to a definite threshold, above which an 
additional increase would have no effect (Krone 1962; Allersma et al. 1967; Lintern 
2003). The results of this experiment showed that the relationship between floc size 
 
Figure ‎3.14 Floc size distribution under different turbulent shear stresses and at S of 
2.5 ppt including the standard deviations between two runs. 
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and salinity was independent of the history of the floc formation. At all salinity 
ranges, the maximum floc size of the tests with constant salinity throughout was 
approximately the same as tests in which salinity changed over time (Figure ‎3.15). 
This result means that the relationship between floc size and salinity was 
independent of the history of the floc formation. 
 
Figure ‎3.15  Variation in maximum floc size versus salinity gradient for two scenarios 
(salinity changing over time during the test and constant salinity). The ranges 
represent the standard deviations between two runs 
 
 Effect of turbulence change with time on FSD 3.5.5.5
Figure ‎3.16 shows the relationship between the maximum floc size and the variation 
in the turbulent shear stress over time. The results show that turbulent shear stress 
increased from 0.57 N/m
2
 to 8.5 N/m
2
, which caused an increase in the breaking up 
of the flocs. The maximum diameter decreased from 941.6 μm at TS = 0.57 N/m
2
 to 
280 μm at TS = 8.5 N/m
2
 (approximately 67.6%) (Figure ‎3.16). This observation is 
similar to that of Manning and Dyer (1999), who found a decrease in floc size with 
an increase in the shear velocity of up to 0.3 N/m
2
 in their laboratory flume 
experiments with sediment samples from the Tamer Estuary with sediment 
concentrations ranging from 80 g/m
3
 to 200 g/m
3
. In the present experiment, the 
maximum floc size was found to be similar in both sets. As shown in Figure ‎3.16, in 
one set, five different turbulent shear stresses were tested of 0.57, 1.7, 3.8, 6 and 8.5 
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N/m
2
, which represented the variations among the maximum floc size of the tests 
with constant TS throughout. 
 In addition, the other set, as described above, was tested at an initial turbulence of 
0.57 N/m
2
 for two hours. Subsequently, the turbulence was increased to 1.7, 3.8, 6 
and 8.5 N/m
2
 in one-hour intervals. The results of this experiment showed that the 
relationship between floc size and turbulent shear stress was independent of the 
history of the floc formation. At all turbulent shear stress levels, the maximum floc 
size of the tests with constant TS throughout was approximately the same as tests in 
which TS changed over time (Figure ‎3.16). As known that in natural estuarine 
waters, turbulence varies during the tidal cycle, this result means that the relationship 
between floc size and turbulent shear stresses was independent of the history of the 
floc formation. 
 
 
Figure ‎3.16 Maximum floc size for a) fixed agitator speed and b) varying agitator speed 
over time. The range shows the standard deviation between two runs. 
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 Settling velocity  3.5.6
 Effect of suspended sediment concentration and salinity on settling 3.5.6.1
velocity 
The relationship between the average floc size and settling velocity for a specific 
suspended sediment concentration (SSC) for both salinity ranges of 2.5 and 20 ppt 
(Figure ‎3.17 a and b). In this figure, the floc distribution was split into four 
components, each with their own mean floc size and settling velocity as suggested by  
Dyer et al. (1996). The authors suggested that an accurate representation of floc 
settling velocity can be derived by splitting the floc distribution into two or more 
components, each with their own mean settling velocity. Figure ‎3.17 illustrates that 
the settling velocity changes from 0.4 to 1.2 mm s
-1
 and 0.2 to 1.1 mm/s for salinities 
of 2.5 and 20 ppt respectively. The settling velocity at salinity 2.5 ppt, displays a 
similar trend to experimental data presented by Burban et al. (1989), and the field 
data recently reported by Manning (2004c), where, at low shear stress the settling 
velocity was smaller at lowest SSC and increases with increasing SSC. This could be 
due to the floc density, which will be examined in the next section, the slow settling 
floc being of low density and low SSC, whereas, the fast settling values were a result 
of more dense flocs. Also, Pejrup and Mikkelsen (2010) found that the settling 
velocity increases with increasing SSC from 20 ppt to 200 g/m
3
 under fresh water 
conditions, based on data collected by Pejrup et al. (1997). This can be explained by 
the fact that at low salinity and high sediment concentration, the particles start 
bumping into each other which leads to a decrease of the flocs’ surface area and the 
floc becomes denser.  
The collision frequency appeared to stimulating the increase of the settling velocity. 
Whereas, at high salinity of 20, this situation is reversed and the faster settling 
velocity was found to occur at lower SSC. This could be the result of floc structure, 
which will be discussed late in section ‎3.5.8. The settling velocity at the 
concentration of 200 g/m
3
 and both salinity ranges of 2 and 20 ppt is interesting 
(Figure ‎3.17 a and b). The sediment settling velocity at S of 20 ppt was 0.37 mm/s 
which was 54% or 0.43 mm/s slower than the settling velocity of flocs generated at 
low salinity (2.5 ppt). This could be the result of floc structure and density. The 
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decrease in the settling velocity with increasing salinity is perhaps due to the 
formation of flocs with lower densities in the high salinity range (Johansen 1998). 
    
Figure ‎3.17 Settling velocity for various concentrations (different symbols) against floc 
size at a) S=2.5 and b) s=20.  The range shows the standard deviation between two runs 
 
 
 Effect of turbulent shear stress and salinity on settling velocity 3.5.6.2
Data analysis was performed using Minitab statistical analysis to determine the 
regression equation between settling velocity and the physiochemical and 
hydrodynamic parameters (S, SSC and TS). There was not enough data to include all 
these three parameters on the regression equation. The statistical analysis indicated 
that the correlation between settling velocity and SSC is not strong enough compared 
with S and TS. Therefore, only S and turbulence (N/m
2
) represented the average 
settling velocity value.  Figure ‎3.18 shows the settling velocity plotted against 
salinity (2.5–30 ppt) at different turbulent shear stresses (0.57, 1.7 and 3.8). 
Figure ‎3.18 indicates that the average settling velocity varied from 0.54 to 0.86 
mm/s. The regression line shows that the average settling velocities depended on 
both salinity and turbulent shear stress. The average settling velocity increased by 
nearly 27% as the turbulent shear stress increased from 0.57 N/m
2
 to 3.8 N/m
2
.  
Similar results were obtained by Manning et al. (2007) where high turbulence levels 
caused an increase in settling velocity as observed in the field study at Scheldt 
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Estuary. The settling velocity decreased by 21% as the salinity increased from of 2.5 
to 7.5 ppt.  
The settling velocity then began to increase to reach almost a constant at S of 10 ppt 
and higher. This finding has been previously observed by different authors (i.e. 
Gibbs and Konwar 1986, Verney et al. 2009, Sutherland et al. 2015) where the 
settling velocity did not change for S higher than 20 ppt. In developing a settling 
velocity equation as a function of salinity and turbulent shear stress, it was not 
possible for a single fitted line to include the experimental range of the salinity 
(Mhashhash et al. 2018). Therefore, the graph was split into two zones, as presented 
in Figure ‎3.18. For salinity less than 10 ppt, the settling velocity was dependent on 
both parameters of salinity and turbulence. Over 10 ppt, only turbulence affected 
settling velocity. 
The Minitab 17 statistical package was used to model the experimental data and 
perform a multiple regression analysis, which showed a statistical confidence level 
of 95%. These equations were developed for a sediment concentration of 100 g/m
3
. 
The experimental data were firstly modelled to find the relationship between floc 
size and the parameters of salinity and turbulent shear stress. Then, the settling 
velocity as a function of flocs size was developed. The regression equations are 
expressed as follows: 
For S less than 10 ppt 
davg = 245.8 − 10.88 S − 40.67 TS + 4.62 TS
2 (‎3.11) 
 
Ws = 1.464 −  0.0758 S −  0.00289 davg (‎3.12) 
 
Equations (‎3.11) and (‎3.12) can be combined together to form equation (‎3.13) for 
calculating the settling velocity as a function of turbulent shear stress and salinity. 
 
Ws = 0.75 −  0.045 S +  0.117 TS −  0.0133 TS
2 (‎3.13) 
 
For S more than and equal 10 ppt 
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davg = −14.70 TS + 154.2 ( 3.14) 
Ws =  − 0.0031 davg +  1.15 ( 3.15) 
 
Equations (‎3.14) and (‎3.15) can be combined together to form equation (‎3.16) for 
calculating the settling velocity as a function of turbulent shear stress at high salinity. 
Ws = 0.623  +  0.0866 TS      (‎3.16) 
 
The regression equations indicate that the correlations between S, TS and Ws are 
essential with R
2
 of 0.9 with a statistical significance of P <0.01. These equations 
have been applied to the Delft3D model and were tested using the model for the 
Severn Estuary (Chapter ‎5).  
 
 
Figure ‎3.18 The average settling velocity over the experimental salinity ranges for 
different turbulent shear stresses 
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 Comparison of experimental measurement data with other 3.5.7
published experimental studies 
The average settling velocity as a function of average floc size for different SSC, S 
and TS was plotted and compared with those in previous experimental studies, as 
shown in Figure ‎3.19. The magnitudes of the Ws values observed during the present 
study were found to be higher than those seen in the laboratory by Verney et al. 
(2009) and smaller than those found by Lick et al. (1993), which could be a result of 
the method used to analyse the data. In Figure ‎3.19, floc distribution was split into 
eight size bands; each band has a specific mean floc size and settling velocity. 
However, Verney et al. (2009) and Lick et al. (1993) utilised the mean floc size to 
compute the floc settling velocity. The experimental results of this study are similar 
to those of Manning and Dyer (1999) in the region of d (70–140) μm, but were 
slightly lower in the region of d = 140–200 μm. The trend of the settling velocities 
was similar to the findings of an experimental study conducted by Sternberg et al. 
(1999) with only the gradient being lower.  
 
 
Figure ‎3.19 Comparison of floc sizes and settling velocities in different estuaries 
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 Analysis of floc structure 3.5.8
The variability of floc size and settling velocity relationships results of the difference 
in composition and structure of the flocs. Because the floc structure could not be 
measured directly using the PIV camera, the fractal dimension of flocs (nf) was 
determined theoretically using the Winterwerp model (Winterwerp 1999). This 
model was developed based on published field and laboratory data from the North 
Sea, Chesapeake Bay, Ems and Tamar estuary. For floc size ranges from 20 to 1000 
µm and settling velocity ranges from 0.04 to 10 mm/s.  
The experimental data at different salinity ranges are plotted with the Winterwerp 
model, as shown in Figure ‎3.20. The results show that the experimental data 
adequately matches the Winterwerp model. The overall trend of the experimental 
data was slightly steeper than the fit at nf = 2 for the different salinity ranges. 
However, when the individual data sets were studied, the slope was in agreement 
with an nf of between 2 and 2.3 for low salinity levels and an nf of between 1.7 and 2 
for high salinity levels of from 7.5 ppt to 20 ppt (Figure ‎3.20c). This result is shown 
in the scanning electron microscope (SEM) photographs provided in Figure ‎3.21 a 
and b. In this figure, the floc structure is shown at low and high salinities of 2 and 20 
ppt, respectively. This result indicates that the floc size becomes increasingly 
irregular in shape and its structure becomes unstable and fragile (less dense) as S 
increases (Figure ‎3.21 b). 
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Figure ‎3.20 The relationship between settling velocity and floc size at different salinity 
ranges  
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   Figure ‎3.21 A selection of SEM photographs of flocs at a) S=2, b) S=20 
 
For different sediment concentration, the fractal dimension (nf) value was found to 
be increased from 2.1 to 2.3 with increasing SSC at low S of 2.5 ppt (Figure ‎3.22 a). 
This can be explained as described previously in section ‎3.5.5.2, with increasing SSC 
at low salinity, the flocs are more likely to bump into each other more frequently 
which subsequently can cause flocs’ breakdown and the flocs became more dense. 
However, the situation was reversed at S of 20 ppt; the nf value decreases with 
increasing SSC (Figure ‎3.22 b). This result is shown in the scanning electron 
microscope (SEM) photographs provided in Figure ‎3.23 a, b. This figure shows the 
scanning electronic microscope (SEM) photographs of flocs at S=20 and turbulence 
of 0.57 N/m
2
 for SSC of 100 and 200 g/m
3
. The flocs at sediment concentration of 
200 g/m
3
 become unstable and more fragile (less dense) as they grow and the flocs at 
low SSC of 100 g/m
3
 are more dense. Therefore, it was expected that the settling 
velocity would decrease with increasing sediment concentration for this range of 
salinity (20). 
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Figure ‎3.22 The relationship between settling velocity and floc size at different SSC a) 
S=2.5 ppt and b) S=20 ppt 
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Figure ‎3.23 A selection of SEM photographs of flocs at S=20, different SSC, a=100 and 
b=200 mg l
-1
 
 
For different turbulent shear stresses, the fractal dimension (nf) value was found to 
be between 2–2.3 for a Ts of more than 6 N/m
2
. However, the situation was reversed 
at low turbulence; the flocs became bigger and less dense, with nf values between 
1.7–2.3 (Figure ‎3.24). This result indicates that high shear stresses break macroflocs 
down into microflocs, and the flocs increase in density. As turbulent shear stress 
increases, the flocs are more likely to collide more frequently. When comparing the 
experimental finding with the field data, (Dyer and Manning 1999) found that the nf 
values ranged from 1.5–2.36 for the 28 field samples that were measured at 
Portishead on the Severn Estuary. These results indicate that more fragile (nf =1.5) 
and stronger flocs (nf =2.36) were observed in the field study by Dyer and Manning 
(1999) compared with the nf ranges that were found in this laboratory study, which 
were 1.6–2.35. 
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Figure ‎3.24 The relationship between settling velocity and floc size at different 
turbulent shear stress 
 
 
Knowing the settling velocity of flocculated mud sediment aids in calculating the 
mass settling flux. This is the rate at which mud sediment is either deposited towards 
the river bed or resuspended into the water column (Geyer et al. 2004; Soulsby  et al. 
2013; Keyvani and Strom 2014). This study showed that the sedimentation of 
cohesive sediment is substantially slowed down by the increasing water salinity of 
more than 2.5 ppt (Figure  3.20). Sedimentation did not noticeably increase in water 
once salinity exceeded 10 ppt. In previous studies, such as those by Verney et al. 
(2009) and Sutherland et al. (2015), this was observed for estuarine waters when 
salinity did not exceed 20 ppt.  
Increasing SSCs in high saline waters can slow down the sedimentation of cohesive 
sediment (Figure  3.22). Increased sediment concentrations at high salinity can cause 
the formation of less dense flocs, which means that there is more sediment in 
suspension than what is being deposited in the river bed. The situation is reversed 
when increasing sediment concentration at low salinity. Increasing settling velocity 
can affect the accumulation of sediment particles, especially in the region of the 
estuary turbidity maximum (ETM). This region’s ETM was defined in Chapter 1. In 
addition to the effects of salinity and sediment concentration on mud deposition and 
resuspension, turbulent shear stress also plays a dominant role in sediment 
deposition; more mud sediment can be observed during high turbulence intensity. 
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Therefore, it can be assumed that the occurrence of mud sedimentation is affected by 
salinity, SSC and turbulent shear stress. 
 Analysis of floc density 3.5.9
Floc effective density was theoretically calculated based on and Winterwerp (1999) 
model (Equation 2.5), which states that effective density is a function of the diameter 
and the density of the primary particle, floc size and fractal dimension. The diameter 
and density of the primary particle were measured in the laboratory (see the result in 
section  3.5.2). The flocs’ fractal dimension (nf) was also determined theoretically 
using Winterwerp’s model (Winterwerp 1999), which is discussed in greater detail in 
the following subsection. The effective density as a function of floc size is presented 
in Figure  3.25. The floc effective densities found in this study range from 30 kg/m3 
to 350 kg/m
3
. The effective density decreases with increasing diameter. This 
relationship has been observed by different authors (e.g. Krone 1962, Winterwerp 
1999, Winterwerp et al. 2006). Dyer and Manning (1999) found that large floc size 
with diameter of 800 µm has a low density and high and low density was observed at 
small flocs size of 150 µm, based on 28 field samples at Portishead on the Severn 
Estuary.The aggregates formation at S of 2.5 ppt demonstrates an increase of 
effective density with a constant floc size as SSC increases. This observation has 
been reported previously by Gratiot and Manning (2004). In contrast, at high S of 20 
ppt the ρe decreases with a constant floc size as SSC increases. This can be explained 
by a decrease in the floc density meaning an increase in the porosity, which leads to 
an increase in the water content that forces the density of the floc towards the density 
of the water and tends to reduce the settling velocity (Droppo et al. 1997). 
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Figure ‎3.25 The relationship of the flocs size to the effective density for different S and 
SSC 
 
 
3.6 Summary 
In this chapter, the potential effects of the hydrodynamic parameters (i.e. salinity, 
suspended sediment concentration and turbulence) on the floc size and settling 
velocity were assessed using suspended sediment samples collected from the Severn 
Estuary under controlled laboratory experiments.  
The main conclusions are as follows: 
 The maximum floc size increased by 62% as S increased from fresh water to S 
2.5 ppt. However, as S increased higher than 2.5 ppt, the maximum floc size 
decreased by 50%.  
 Turbulent shear stresses ranging from 0.57–8.5 N/m2 caused a breakdown of 
almost 67.6% of the floc structure.  
 The percentage of large flocs increased by 3% as sediment concentration 
increased at high salinity. However, the situation was reversed at lower salinity 
when the percentage of large flocs decreased by nearly 7% as sediment 
concentrations increased from 100 to 200 g/m
3
. 
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 The settling velocity was found to increased or decreased upon increasing the 
SSC, and it was further controlled by the salinity. Faster settling velocity 
occurred when sediment concentration was higher and salinity of 2.5 ppt. By 
contrast, at salinities of 20, in addition to increasing SSC, it was found that the 
situation was reversed (i.e. the lower the sediment concentration, the faster the 
settling velocity).  
 The relationships between floc size and turbulent shear stresses and between floc 
size and salinity were independent of the history of the floc formation. 
 The floc size and settling velocity were controlled by the interaction between 
turbulence and salinity at less than 10 ppt. At salinity equal to and more than 10 
ppt, the floc size and settling velocity were functions of only turbulent shear 
stress.  
 A favourable comparison between flocculation features (floc size and settling 
velocity) from different experimental studies confirmed that the method used in 
this study was successful measuring and analysing the floc size and settling 
velocity. 
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4.1 Introduction 
In numerical models, different scenarios can be developed to simulate and predict 
the flow, water quality and sediment transport characteristics in river and estuaries, 
and complex problems can be solved. The hydrodynamic computer model used in 
this study is Delft3D. This chapter describes the Delft3D program and the governing 
equations of flow and sediment modules that have been used in this study; however, 
Delft3D has several modules and features for used in different modelling scenarios. 
Further explanation and description of Delft3D program and full mathematical 
descriptions, can be found in the user manuals (WL|Delft Hydraulics 2014). 
4.2 Delft 3D model 
Delft3D is an open source software which means that the extendable software is 
completely free. Also, it is a three-dimensional, finite-difference model for wave, 
currents, sediment and contaminant transport. Delft3D is developed by WL/Delft 
Hydraulics in close cooperation with the Delft University of Technology, the 
Netherland (WL|Delft Hydraulics 2014). This package has several modules coupled 
together to provide a complete process for simulating two or three dimensional flow, 
sediment transport, water quality, morphological development and ecology of water 
systems, including coastal, river and estuarine waters. The Delft3D model can 
simulate various flow control structures, such as bridges, culverts, porous plates and 
weirs. Delft3D also includes pre-processing and post-processing programs 
(Figure  4.1). The main purpose of the two pre-process programs Delft3D-RGFGRID 
and Delft3D-QUICKIN are that Delft3D-RGFGRID generates and modifies 
curvilinear or orthogonal grids and Delft3D-QUICKIN allows creating, editing and 
visualising bathymetric data. Delft3D-FLOW, the computer program, generates 
input definition files and executes actual simulations. Delft3D-QUICKPLOT, the 
post-process program, allows the visualisation and animation of numerical results.  
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Figure ‎4.1 Overview of software tools of Delft3D 
 
4.3 Hydrodynamic equations 
 The Delft3D-FLOW module is based on finite-difference solutions of the two-
(depth-averaged) or three dimensional unsteady shallow water equations. The 
shallow water equations are derived from the Navier-Stokes equation in the vertical 
direction.  Several assumptions have been made to derive these equations. One of the 
main assumptions is that the vertical length scale is much smaller than the horizontal 
length scale. This assumption contributes to reducing the vertical momentum 
equation to a hydrostatic pressure equation. 
The main equations which were used in this study are: continuity equation, 
momentum equations, turbulence closure model and transport equation. As 
mentioned before, Delft3D has many other modules and features. Further 
information including the governing equations for other modules and full 
mathematical descriptions, refer to the user manuals (WL|Delft Hydraulics 2014). 
 Vertical σ-coordinate system  4.3.1
The vertical direction is defined as the sigma coordinate (σ-coordinate) system that 
can be defined by the following equation: 
Delft3d 
Pre-process 
RGFGRID 
QUICKIN 
Process 
Flow 
Wave 
Water quality 
Ecological 
processes 
Post-process QUICKPLOT 
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σ =  
z −  ζ
H 
 (‎4.1) 
 
in which z is the vertical coordinate in physical space 𝜁 is the water depth above the 
reference planes and H is the total water depth. This system is scaled as σ = 0 for the 
free surface and the bottom corresponds to σ = -1 (Figure ‎4.2). 
 
 
 
 
 
 
 
 Continuity and momentum equations 4.3.2
The main two equations of the fluid dynamics model are related to continuity and 
momentum equation. The continuity equation can be written as follows: 
𝜕𝜁
𝜕𝑡
+
𝜕[(H)𝑈]
𝜕𝑥
+
𝜕[(H)𝑉]
𝜕𝑦
= 𝑄 (‎4.2) 
 
in which Q represents the contributions per unit area due to the discharge or 
withdrawal of water, evaporation and precipitation. U and V are the depth averaged 
velocities. 
The horizontal momentum equations can be written as follows: 
𝜕u
𝜕t
+ u
𝜕u
𝜕𝑥
+ v
𝜕u
𝜕𝑦
+
w
H
𝜕u
𝜕𝜎
− 𝑓𝑣 = −
1
𝜌
𝑃𝑢 + 𝐹𝑢 +
1
(H)2
𝜕
𝜕𝜎
(𝜈𝑉
𝜕u
𝜕𝜎
) + 𝑀𝑢 (‎4.3) 
Figure ‎4.2 Model geometry 
𝜎 = 0 
𝜎 = -1 
𝜁 
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𝜕𝑣
𝜕t
+ u
𝜕v
𝜕𝑥
+ v
𝜕v
𝜕𝑦
+
w
H
𝜕v
𝜕𝜎
+ 𝑓𝑢 = −
1
𝜌
𝑃𝑣 + 𝐹𝑣 +
1
(H)2
𝜕
𝜕𝜎
(𝜈𝑉
𝜕v
𝜕𝜎
) + 𝑀𝑣 
 
(‎4.4) 
  
 
where u, v and w are the flow velocity components in the x, y and z directions, 
respectively. t is the time. ρ is the fluid density 𝜈𝑉 is the vertical eddy coefficient. 𝑀𝑢  
and 𝑀𝑣 represent the contributions due to external sources or sinks of momentum. 𝐹𝑢 
and  𝐹𝑣 are the turbulent momentum flux in x and y directions. 𝑃𝑢 and 𝑃𝑣 represent 
the hydrostatic pressure gradients in x and y directions. 
The vertical momentum equation is reduced to the hydrostatic pressure relation and 
Boussinesq approximation because vertical accelerandation is assumed to be small 
compared to gravitational acceleration, which can be written as follows: 
𝜕𝑃
𝜕𝜎
= − ρgH 
 
(‎4.5) 
 
where 𝜌 is the water density, g is the acceleration due to gravity and H is the total 
water depth. This assumption makes the Delft3D-FLOW model suitable for 
predicting the flow of shallow seas, coastal areas, estuaries, lagoons, rivers and 
lakes.  
 Turbulence model 4.3.3
In Delft3D-FLOW, four turbulence closure models are included: 
 Constant coefficient; 
 Algebraic Eddy viscosity closure Model (AEM); 
 K-L turbulence closure model and 
 K-𝜀 turbulence closure model. 
The K-𝜀 turbulence closure model is used in the simulations presented in this thesis, 
which commonly recommended for sigma model (WL|Delft Hydraulics 2014). This 
turbulence model was also selected because the turbulent shear stress in the 
laboratory was calibrated using the K-𝜀 turbulence closure model (see section  3.4.2). 
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In addition, the K-𝜀 turbulence closure model has been successfully applied 
elsewhere (e.g. Mikes et al. 2004, Violeau et al. 2002, Winterwerp 2002)   for 
studying modelling floc size and settling velocity as it was found to represent the 
turbulence best. 
In the K-𝜀 turbulence closure mode, transport equations must be solved for both the 
turbulent kinetic energy K and the energy dissipation 𝜀. The mixing length L can 
then be determined as follows: 
L = Cv
K√K
ε
 (‎4.6) 
where Cv is a K- 𝜀 closure constant, 𝜀 is the energy dissipation and K is the turbulent 
kinetic energy and can be calculated from Equation (3.2). 
 Sediment transport model 4.3.4
Sediments play an active role in hydromorphological processes and in the nutrient 
adsorption and desorption processes in the aquatic environment and may remove or 
release pollution from or to the overlying water, thereby affecting the quality of 
coastal waters (Wang et al. 2009; Etemad-Shahidi et al. 2010). In the Delft3D model, 
up to five sediment fractions can be defined. Each fraction must be classified as 
cohesive or non-cohesive because different formulations are used for erosion, 
sedimentation and settling of these different types of sediments. Both cohesive and 
non-cohesive sediment were implemented in this study.                                                                                                                                                                                                                                                                    
The three dimensional advection and diffusion of suspended sediment transport 
particles can be written as follows: 
𝜕𝑐(𝑙)
𝜕𝑡
+
𝜕u𝑐(𝑙)
𝜕𝑥
+
𝜕v𝑐(𝑙)
𝜕𝑦
+
𝜕(w − Ws)𝑐(𝑙)
𝜕𝑧
−
𝜕
𝜕𝑥
(𝜀𝑠,𝑥
(𝑙) 𝜕𝑐
(𝑙)
𝜕𝑥
)
−
𝜕
𝜕𝑦
(𝜀𝑠,𝑦
(𝑙) 𝜕𝑐
(𝑙)
𝜕𝑦
) −
𝜕
𝜕𝑧
(𝜀𝑠,𝑧
(𝑙) 𝜕𝑐
(𝑙)
𝜕𝑧
) = 0 
(‎4.7) 
 
where 𝑐(𝑙) is the mass concentration of sediment fraction (l) (kg/m3), u, v and w are 
the flow velocity components in x, y and z directions (m/s), 𝜀s,xyz is the eddy 
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diffusivity of the sediment fraction and Ws is the settling velocity of sediment 
fraction. 
 Cohesive sediment 4.3.4.1
Cohesive sediment settling velocity 
Settling velocity is defined as one of the important parameters when modelling the 
sediment transport processes (Johansen 1998). The settling velocity of cohesive 
sediment can be defined as a single constant value by the user. For modelling 
sediment transport where flocculation occurs, the settling velocity of cohesive 
sediment is modelled as a function of salinity. To model this salinity dependency, the 
user has to supply two settling velocities and a maximum salinity. The first velocity, 
WSf, is the settling velocity of the sediment fraction in fresh water, at salinity = 0. 
The second velocity, WSmax, is the settling velocity of the fraction in water having a 
maximum salinity (Smax). The settling velocities of the sediment flocs are calculated 
as follows: 
 
Ws(𝑙) =  
WSmax
l
2
(1 − cos (
πS
Smax
)) +
WSf
l
2
(1 + cos (
πS
Smax
)) , when S ≤  Smax 
(‎4.8) 
WSmax 
l ,                                                                                   when S >  Smax 
 
where Ws(l) is the settling velocity of sediment fraction (l), WSmax
l  is the settling 
velocity of sediment fraction (l) at salinity concentration Smax, WSf
l   is the settling 
velocity of sediment fraction (l) at fresh water, S is salinity and Smax is the maximum 
salinity at which WSmax is specified. 
If the influence of flocculation is disregarded, then WSmax =WSf can be specified. 
Cohesive sediment erosion and deposition 
For cohesive sediment, the evaluation of the resuspension rate between the water 
phase and the bed are given by Partheniades-Krone formulations (Partheniades 1965) 
as: 
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𝐸(𝑙) = 𝑀(𝑙)S (Tcw, Tcr,e
(l)
), 
(‎4.9) 
 
𝐷(𝑙) = Ws(𝑙)𝑐𝑏
𝑙 S (Tcw, Tcr,d
(l)
),  (‎4.10) 
 
𝑐𝑏
(𝑙)
= 𝑐(𝑙)(𝑧 =
∆𝑧𝑏
2
, t) (‎4.11) 
 
 
 
where 𝐸(𝑙) is the erosion flux (kg.m-2s-1), 𝑀(𝑙) is the user-defined erosion parameter 
EROUNI (kg.m
-2
s
-1
), S (Tcw, Tcr,e
(l)
) is the erosion step function, 𝐷(𝑙) is the deposition 
flux (kg.m
-2
s
-1
), 𝑊𝑆
(𝑙)
 is the settling velocity (hindered) (m/s), 𝑐𝑏
(𝑙)
is the average 
sediment concentration in the near bottom computational layer, S (Tcw, Tcr,d
(l)
) is the 
deposition step function, Tcw is the maximum bed shear stress due to current and 
waves as calculated by the wave- current interaction model selected by the user, 
Tcr,d
(l)
is the user- defined critical deposition shear stress (N/m
2
) and Tcr,e
(l)
is the user- 
defined critical erosion shear stress (N/m
2
). Superscript (l) implies that this quantity 
applies to sediment fraction (l). 
 
 
S (Tcw, Tcr,e
(l)
) = (
Tcw
Tcr,e
(l)
− 1) , when Tcw >  Tcr,e
(l) , 
   0,              when Tcw ≤  Tcr,e
(l)
 
(‎4.12) 
S (Tcw, Tcr,d
(l)
) = 
(
Tcw
Tcr,d
(l)
− 1) , when Tcw >  Tcr,d
(l) , 
   0,              when Tcw ≤  Tcr,d
(l)
 
 
(‎4.13) 
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 Non-cohesive sediment 4.3.4.2
Non-cohesive sediment settling velocity 
The settling velocity of non-cohesive sediment is calculated using the method given 
by Van Rijn (1993) based on the representative diameter and the relative density of 
sediment particles. 
 
 
 
 
 
Ws(𝑙) = 
(𝜌(𝑙) − 1)𝑔𝐷𝑠
(𝑙)2
18𝜈
 
 
65 μm <𝐷𝑠 ≤100 μm 
 
 
(‎4.14) 
 
10υ
𝐷𝑠
(√1 +
0.01(𝜌(𝑙) − 1)𝑔𝐷𝑠
(𝑙)3
𝜈2
− 1) 
 
100 μm <𝐷𝑠 ≤1000 μm 
1.1√(𝜌(𝑙) − 1)𝑔𝐷𝑠
(𝑙)
 
 
1000 μm <𝐷𝑠 
 
where 𝜌(𝑙) is the relative density 𝜌𝑠
(𝑙)
/𝜌𝑤 of sediment fraction (l), 𝐷𝑠
(𝑙) is the 
representative diameter of sediment fraction (l) and υ is the kinematic viscosity 
coefficient of water (m
2
/s). 
Non-cohesive sediment erosion and deposition 
The transfer of sediment between the bed and the water column is modelled using 
sink and source terms acting on the near-bottom layer that is entirely above Van 
Rijn’s reference height. This layer is identified as the reference layer and for brevity 
is referred to as the kmx layer, (Figure ‎4.3). A sink term is solved implicitly in the 
advection-diffusion equation, whereas a source term is solved explicitly. In order to 
determine the required sink and source terms for the kmx layer, the concentration 
and concentration gradient at the bottom of the kmx layer need to be approximated. 
In Delft3D model, a standard Rouse profile is assumed between the reference level a 
and the centre of the kmx layer (see Figure ‎4.3). 
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𝐶(𝑙) = 𝐶𝑎
(𝑙)
[
𝑎(ℎ − 𝑍)
𝑍(ℎ − 𝑎)
]
𝐴(𝑙)
 (‎4.15) 
 
where 𝐶(𝑙) is the concentration of sediment fraction (l), 𝐶𝑎
(𝑙)
 is the reference 
concentration of sediment fraction (l), a  is Van Rijn’s reference height, Z is the 
elevation above the bed and 𝐴(𝑙) is the Rouse number. 
 
 
Figure ‎4.3 Approximation of concentration and concentration gradient at the bottom 
of kmx Layer, adopted from (WL|Delft Hydraulics 2014). 
 
 
Erosive flux due to upward diffusion is given by the expression: 
𝐸(𝑙) = 𝛼2
(𝑙)
𝜀𝑠
(𝑙)(
𝐶𝑎
(𝑙)
− 𝐶𝑘𝑚𝑥
(𝑙)
𝛥𝑧
) (‎4.16) 
  
𝛥𝑧 = zkmx – a (‎4.17) 
 
Deposition flux due to sediment settling is expressed as: 
𝐷(𝑙) = 𝛼1
(𝑙)
Ws(𝑙)𝐶𝑘𝑚𝑥
(𝑙)
 (‎4.18) 
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where 𝛼1
(𝑙)
, 𝛼2
(𝑙)
 is the correction factor for sediment concentration, 𝜀𝑠
(𝑙)
 is the 
sediment diffusion coefficient evaluated at the bottom of the kmx cell of sediment 
fraction (l), 𝐶𝑎
(𝑙)
 is the reference concentration of sediment fraction (l), 𝐶𝑘𝑚𝑥
(𝑙)
 is the 
average concentration of the kmx cell of sediment fraction (l), 𝛥𝑧 is the difference in 
the elevation between the centre of the kmx cell and Van Rijn’s reference height, 
zkmx is the elevation at the centre of the kmx cell and a is Van Rijn’s reference 
height. 
4.4 Summary 
The equations governing water flow and sediment transport processes in Delft3D 
have been outlined in this chapter. The continuity and momentum equations are 
presented, and are followed by descriptions of the turbulence model and sediment 
transport equation. The settling velocity for the cohesive sediment is presented, 
including a link to the flocculation model as a function of salinity. These equations 
form the basis of the hydro-environmental modelling tools used and refined in this 
study.   
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5 Suspended sediment transport and 
flocculation modelling using refined 
settling velocity formulations 
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5.1 Introduction 
The flocculation processes of cohesive sediments in estuarine waters play an 
important role in governing the suspended sediment concentrations (SSCs) in the 
water column. Modelling turbulence-induced flocculation or the breakup of sediment 
flocs is not included in existing models like the Delft3D commercial model 
(WL|Delft Hydraulics 2014). In the Delft3D model, the settling velocity of cohesive 
sediment is a function of salinity only. 
 The objectives of this chapter are as follows: 
1. To refine a numerical model to include new settling velocity equations as a 
function of turbulent shear stress and salinity developed from experimental 
laboratory presented in Chapter 3. 
2. To apply and test the refined numerical model in simulating the flocculation 
phenomenon in the Severn Estuary. 
The details of the setup, sensitivity analysis and calibration of the model and the 
results of validation are presented in sections ‎5.2, ‎5.3 and ‎5.4. The refinement and 
application of the model are presented in section ‎5.5, and the model results and 
discussion are presented in section 5.6. 
5.2 Model setup 
 Study area and model domain 5.2.1
The Delft3D model was set up for the Severn Estuary as a case study site with the 
aim to implement and validate a new settling velocity formula for cohesive sediment 
taking account of flocculation processes. The computational domain and the 
bathymetry are shown in Figure 5.1. The bathymetry file was obtained from Sea 
Zone (http://www.seazone.com/marine-maps/type/bathymetry-data). The domain 
covers the Severn Estuary and the Bristol Channel from an imaginary line between 
Milford Haven (West Wales) and Hartland Head (Southwest England). The stability 
of the model and the accuracy of the results were determined by the scale (time and 
space) and grid size of the model. 
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 Figure ‎5.1 The model domain and bathymetry 
 
The curvilinear grid that covers this domain (Figure ‎5.2) was generated by Delft3D-
RGFGRID, with a high grid resolution in the areas of main interest. The total 
number of grids was (29 X 461); the average grid spacing was approximately 500 m, 
with its maximum being 2.5 km at the downstream end of the model domain and the 
minimum of 80 m being located at the upstream end of the domain. The model was 
divided vertically into three layers and the layer thickness was assumed to be 
uniform. 
 
 
 
 
Swansea 
Cardiff 
Milford Haven 
Hartland Head 
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Figure ‎5.2 Curvilinear grid for the Severn Estuary and Bristol Channel, red circles 
indicate to calibration and validation points of the velocity and black squares indicate 
to calibration and validation points of water level, salinity and sediment transport 
models 
 Characteristics of suspended sediment 5.2.2
Knowing the grain size distribution of the suspended sediment (SS) is essential to 
model the suspended sediment transport processes and the flocculation phenomenon 
and the median grain size (d50) is a good description of it (Winterwerp 1998). SS 
consists of cohesive and non-cohesive sediment. However, sediment flocculation 
affects only the fine particles (cohesive sediment). Table ‎5.1 gives the percentage of 
cohesive sediment and the suspended sediment median grain size based on field 
samples collected at upstream sampling points with the suspended sediment size 
distribution being determined at Cardiff School of Engineering using a Malvern 
Master Sizer 3000 as described previously in section ‎3.3.5 (see Figure ‎3.7 for the 
grain size distribution results) and in studies by Al-Enezi (2011) and Stapleton et al. 
(2007). Table ‎5.1 shows that the median grain size is finest at the Minehead site, 
followed by Slipway and Penarth with d50 values of 10.6, 11.4 and 11.5, 
respectively. SS becomes almost 57% bigger at the Porthcawl site (24.8 μm); 
however, this SS is still classified as cohesive sediment (92% < 63 μm). 
H 
C 
N 
Q 
P 
Newport 
Ilfracombe 
Hinkley 
Avonmouth 
Swansea Bay 
Rhymney river mouth 
Slipway 
Penarth 
Beachley 
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Table ‎5.1 Medium grain size of suspended sediment 
Location d50 
% of cohesive 
sediment 
Slipway (this study) 11.4 95 
Penath (Al-Enezi 2011) 11.5 94 
Beachley (this study) 13.0 97 
Porthcawl / Southerndown 
(Stapleton et al. 2007) 
24.8 92 
Minehead (Stapleton et al. 2007) 10.6 97 
 
 Initial conditions 5.2.3
Simulations of flow, salinity and sediment transport are conducted in this study using 
the Delft3D model. The simulation starts by applying a uniform value for the water 
level of 4 m. The initial cohesive and non-cohesive sediment concentrations were 
both set to 0.02 kg/m
3
. The spatially varied salinity was defined in the flow model by 
creating the initial file based on the field sample analysed in Chapter 3. In that file, 
the values of salinity were gradually changed from upstream to downstream. The 
model time step was set to 15 s based on satisfying the Courant number (Cr) 
criterion. 
 Boundary conditions 5.2.4
 Two types of hydrodynamic open boundary conditions were adopted. The first type 
uses the water level downstream. The open boundaries were extracted from the Delft 
Dashboard. Delft Dashboard is a part of Open Earth Tools and is a standalone 
MATLAB based graphical user interface that allows users to set up a new model or 
alter an existing model. A large number of toolboxes are coupled with Delft 
Dashboard, such as bathymetry data, tidal data and observation stations, which make 
for fast and easy generation of input files. After generating the necessary grid and 
bathymetry files, as mentioned in section ‎5.2.1, these two files and other physical 
parameters were uploaded in Delft Dashboard. Next, the downstream location 
boundary condition was defined in Delft Dashboard as the line between Milford 
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Haven and Hartland Head (Figure ‎5.3) and was generated as water level astronomic 
constituents. With this type of boundary condition, the water downstream was 
treated as saline water with salinity (S) of 35 ppt (Zhou et al. 2014a). The upstream 
boundary condition at Gloucester was treated as a uniform flow discharge time series 
varying between 60 m
3
/s and 106 m
3
/s (Ahmadian and Falconer 2012). The upstream 
boundary condition was considered to be fresh water; therefore, salinity levels were 
set to zero at this boundary.  
 
Figure ‎5.3 Delft Dashboard screen menu 
 
5.3 Sensitivity analysis 
The sensitivity tests of the hydrodynamic model were carried out by applying the 
Manning and Chezy formulae. The model was run for 14 days from 1
st
 March 2009 
to 14
th
 March 2009. Four different sensitivity scenarios were carried out the bottom 
friction of Manning n of 0.025 and 0.03 and Chezy C of 53 and 65. These friction 
ranges were chosen because they were used by Ahmadian et al. (2010)  and Gao et 
al. (2011) in previous studies of the Severn Estuary. Figure ‎5.4 shows the effect of 
varying the bottom friction equations on the current speed at point C (see Figure ‎5.2 
for the location). Figure ‎5.4 indicates that the prediction of velocity is independent of 
the bottom friction equation, although the velocity magnitude changes with the 
friction value. It was decided that the model be calibrated using the Manning 
formula, as this formula is often successfully used in similar studies. Many 
Downstream  
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sensitivity tests were carried out to calibrate for velocities, water depths, salinities 
and suspended sediment concentrations by adjusting the layer thickness, grid 
resolution and the initialisation parameters of (time step, water level, salinity, friction 
value, horizontal and vertical viscosity and diffusivity, cohesive and non-cohesive 
sediment concentration, sediment concentration up and down stream and critical bed 
shear stress for erosion and deposition). After determining the model’s sensitivity, 
the model was considered to be working satisfactorily for calibration and then 
validation. 
 
 
 
Figure ‎5.4 Current velocities at point C (see Figure 2 for the location) using (a) the 
Manning formula and (b) the Chezy formula 
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5.4 Model calibration and validation 
There is no standard procedure for carrying out calibration and validation. However, 
achieving the hydrodynamic model calibration can be achieved by comparing water 
level or predicted velocity with field data measured over a short time period (Cheng 
et al. 1993). The model can then be validated for water levels and velocities at other 
locations. Next, the model was validated before being modified to include the 
flocculation processes. In terms of predicted and measured data, the model 
performance was evaluated using the relative mean absolute error (RMAE), as 
defined by Sutherland (2001). The qualification of RMAE is given in Table ‎5.2, as 
suggested by Sutherland (2001). Further evaluation of the relationship between 
measurements and predictions was carried out using the root mean square (RMS) to 
measure the difference between values predicted and values actually observed. The 
analysis using (RMS) is widely used in the literature (e.g. Zhou et al. 2014, Dias and 
Lopes 2006) and was selected to be applied in this study too as shown in 
sections ‎5.4.1 to 5.4.3 and section 5.6. 
 
Table ‎5.2 Qualification of model performance 
Qualification RMAE  
Excellent < 0.2 
Good 0.2–0.4 
Reasonable / fair 0.4–0.7 
Poor 0.7–1 
Bad > 1 
 
 Hydrodynamics modelling 5.4.1
The model was run for a period of 29 days from 1
st
 March 2009 to 30
th
 March 2009, 
over a neap-spring tidal cycle. Several tests were carried out by changing the initial 
water level, time step and the bottom friction, which was represented by the 
Manning formulation (as decided after the sensitivity analysis ‎5.3), to get the best 
possible match between the predicted and measured water level and current speed 
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data at a number of locations throughout the computational domain. The evaluation 
of predicted and measured data was carried out using the RMAE and the RMS, as 
mentioned above. Figure ‎5.5 shows a typical comparison of the tidal levels between 
March 8 and March 14, 2009 at Hinckley and Ilfracombe, with the computed water 
level being predicted by Delft3D for the two Manning values of 0.025 and 0.03 and 
the measurement data provided by the British Oceanographic Data Centre (UK 
National Tide Gauge Network, 2009).  
 
 
 
 
Figure ‎5.5 Comparison between the Delft3D model predictions and observed water 
levels at  Hinckley and Ilfracombe for model calibration 
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A comparison of the water level results shows excellent agreement (in relation to the 
qualification given in Table ‎5.2) with the statistical analysis in Table ‎5.3 in terms of 
the magnitude and phases for both sites at both Manning values of 0.025 and 0.03. 
The RMS ranges from 0.349 to 0.470. These high values are related to slight phase 
shift (Figure ‎5.5). However, a close examination of the water level comparisons at 
Hinckley and Ilfracombe shows that using the Manning value of 0.025 predicts the 
peak tidal level differences of 20 cm and 13 cm, respectively. However, using the 
Manning value of 0.03 leads to a decrease in the difference of the peak tidal level to 
11 cm and 9 cm at Hinckley and Ilfracombe, respectively.  
 
Table ‎5.3  RMAE and RMS values for the difference between the predicted and 
measured tidal elevations at Hinckley and Ilfracombe 
Site      Hinckley Ilfracombe 
Manning value 0.025 0.03 0.025 0.03 
RMAE 
RMS (m) 
0.204 
0.367 
0.164 
0.349 
0.132 
 0.470                
0.131 
0.460 
 
 
The current speed and direction data for spring and neap tides were calibrated and 
then validated against Admiralty chart data (number 1179) at five locations, as 
shown in Figure ‎5.2 (indicated by red circle). The current speed and direction were 
calibrated first at sites C and H by adjusting the Manning value. Typical comparisons 
of the Admiralty chart data and predicted current speeds for spring and neap tides 
and directions at calibration sites C and H are shown in Figure ‎5.6 and 5.7. Once 
again, the comparisons show good agreement between the model predictions and 
tidal stream data provided by the Admiralty chart for  Manning’s values of 0.025 and 
0.03, except for some noticeable differences in the flow direction observed at 
location H for n = 0.025 (Figure ‎5.7 c) which could be due to local bathymetry 
differences between real bed level and bathymetrical data used in the model. The 
differences between the predicted and field data were calculated, and the 
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corresponding RMAE and RMS values for currents are listed in Table ‎5.4. In 
general, the use of both friction values produces an RMAE ranging between 0.126 
and 0.290 (Table ‎5.4), which indicates excellent agreement between measurements 
and predictions (Table ‎5.2); the neap tide at n = 0.025 provides good agreement with 
the RMAE of 0.29. In addition, an examination of RMS values in Table ‎5.4 shows 
that both Manning values of 0.025 and 0.03 provide reliable hydrodynamic 
predictions of the velocities, with RMS ranging between 0.056 m/s and 0.168 m/s.  
 
Table ‎5.4 RMAE and RMS values for the difference between the predicted and 
measured speed and direction at points C and H 
Site            C               H 
Manning value Tide type 0.025 0.03 0.025 0.03 
RMAE  
 
Spring tide 
Neap tide 
Direction 
0.170 
0.290 
0.167 
0.171 
0.195 
0.172 
0.129 
0.210 
0.174 
0.126 
0.199 
0.133 
RMS (m/s) Spring tide 
Neap tide 
0.168 
0.125 
0.168 
0.087 
0.063 
0.056 
0.063 
0.057 
 
 
The model calibration for the water levels and velocities reveals that the best 
correlation between measured and predicted data was for the Manning value of 0.03. 
This value will be used for the model validation. 
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Figure ‎5.6 Calibration of tidal current for 
site C: (a) velocities at spring tide, (b) velocities at neap tide and (c) current direction 
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Figure ‎5.7 Calibration of currents for site H: (a) velocities at spring tide, (b) velocities 
at neap tide and (c) current direction 
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After calibration, the model is validated for water levels and velocities. The water 
levels are validated against data measured at the Newport and Avonmouth stations 
(Figure ‎5.8). The water level comparisons at Newport and Avonmouth stations 
reveal that the Delft3D model predicting of water levels agree well with the 
measured data. The model predicts the peak tidal levels at these two sites with a very 
small difference of approximately 10 and 8 cm. This is possibly due to the complex 
geometry surrounding these locations (Zhou et al. 2014b). This result could be 
further improved by varying roughness along the modelling domain. The correlation 
between the model predictions and the measured water level data can be evaluated 
with the statistical analysis of errors provided in (Table ‎5.5). It was found that the 
RMAE values were less than 0.2. In relation to the qualification of RMAE suggested 
as shown in Table ‎5.2 means that the model still provides an excellent prediction of 
the water level.  
 
 
Table ‎5.5 RMAE and RMS values for the difference between the predicted and 
measured tidal elevations  
Location Newport Avonmouth 
RMAE  
RMS (m) 
0.185 
0.384 
0.186 
0.383 
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The current speeds were validated at sites N, P and Q as shown in Figures 5.9, 5.10 
and 5.11. The RMAE and RMS values are listed in Table ‎5.6 and indicate a good 
level of agreement. In general, comparisons of the tidal currents with the measured 
data show that the model can provide an excellent prediction for the current speed, 
with an RMAE of less than 0.2. The maximum RMS = 0.256 m/s is obtained when 
comparing the predicted and measured data at both spring and neap tides, indicating 
the tidal currents agree well with the field measurements. As in the literature, the 
 
 
 
 
Figure ‎5.8 Comparison between predicted and observed water levels at Newport and 
Avonmouth for model validation 
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maximum RMS of the tidal current in the Severn Estuary and the Bristol Channel 
can be 0.33 m/s, which is an acceptable value as shown by Zhou et al. (2014c). 
Therefore, using the Delft Dashboard boundary conditions for the Delft3D model is 
found to be satisfactory for the Severn Estuary as setup in this study. 
 
 
 
 
 
 
 
 
 
 
 
Table ‎5.6 RMAE and RMS values for the difference between the predicted and 
measured speeds 
Locations Tide type Site N Site P Site Q 
RMAE  
 
Spring tide 
Neap tide 
Direction 
0.181 
0.146 
0.046 
0.140 
0.135 
0.044 
0.151 
0.176 
0.038 
RMS (m/s) Spring tide 
Neap tide 
0.220 
0.093 
0.165 
0.089 
0.256 
0.156 
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Figure ‎5.9 Comparison between predicted and observed tidal currents for site P: (a) 
velocities at spring tide, (b) velocities at neap tide and (c) current direction for model 
validation 
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Figure ‎5.10 Comparison between predicted and observed tidal currents for site N: (a) 
velocities at spring tide, (b) velocities at neap tide and (c) current direction for model 
validation 
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Figure ‎5.11 Comparison between predicted and observed tidal currents for site Q: (a) 
velocities at spring tide, (b) velocities at neap tide and (c) current direction for model 
validation 
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 Salinity 5.4.2
Salinity distributions were initially calibrated using field data from Swansea Bay by 
adapting the initial salinity value (Figure ‎5.12). The field data for Swansea Bay was 
obtained from Natural Resources Wales. The model was first run with an initial 
salinity value of 15 ppt (Figure ‎5.12), the water downstream was treated as saline 
water with salinity (S) of 35 ppt and the upstream boundary condition was 
considered to be fresh water with salinity levels set to zero. It was noted that the 
salinity values take a long time to reach equilibrium across the domain. Therefore, a 
spatially varied salinity distribution file was defined in the flow model by creating an 
initial salinity file based on field samples analysed in Chapter 3. In that file, the 
salinity values gradually change from upstream to downstream.  
The salinity was then validated against field data from two other sites, namely the 
Rhymney River mouth and Penarth (Figure ‎5.13). The field data for Penarth was 
obtained from a previous study (Al-Enezi 2011) and the field data for Rhymney 
River mouth site was obtained from Natural Resources Wales. The RMAE and RMS 
values are listed in Table ‎5.7 and indicate a good level of agreement. In general, 
comparisons of the predicted with the measured data show that the model can 
provide an excellent prediction for the salinity level, with an RMAE of less than 0.2. 
The maximum RMS = 5 ppt is obtained when comparing the predicted and measured 
data at Penarth. This difference value between predicted and measured could be a 
result of not including the discharge of fluvial tributaries in the model. 
Table ‎5.7 RMAE and RMS values for the difference between the predicted and 
measured salinities 
Locations Swansea 
Bay 
Rhymney 
River 
mouth 
Penarth 
RMAE  0.050 0.010 0.191 
RMS (ppt) 1.747 0.330 5.010 
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Figure ‎5.12 Comparison of modelled and predicted  salinities for Swansea Bay 
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Figure ‎5.13 Comparison between predicted and observed salinities at Rhymney River 
mouth  and Penarth for model validation 
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 Sediment transport 5.4.3
Data collected at different events were used for model calibration and validation of 
suspended sediment transport processes. These were from events in June, July and 
September 1991; July 2001; July and November 2009 and November 2010 for which 
field data are available from different studies (Stapleton et al. 2007; Mclntosh 2010; 
Waite 2010; Al-Enezi 2011). The SSC calibration was carried out by comparing the 
computed against observed SSC at Porthcawl / Southerndown. The sediment 
calibrations were carried out by changing the sensitive parameters that the critical 
shear stress of cohesive sediment is sensitive for, both for erosion (Tcr,e) and 
deposition (Tcr,d). These two parameters are defined as the values at which cohesive 
sediment erodes from the bed or settles to the bed. The variability of the critical 
shear stress of cohesive sediment for erosion is in the range of 1 N/m
2
 to 2 N/m
2
 
(Moody et al. 2005) and for sedimentation it is 0.05 N/m
2
 to 0.2 N/m
2
 (Berlamont et 
al. 1993). 
In this study, the calibration was carried out by changing the critical shear stress of 
cohesive sediment for the erosion from 1 N/m
2
, to 1.5 N/m
2
 and to 2 N/m
2
 and by 
changing the critical shear stress of cohesive sediment for deposition between 0.06 
N/m
2
 and 0.1 N/m
2
 (Figure ‎5.14). Based on the statistical analysis of RMAE and 
RMS (Table ‎5.8) during the calibration of the model, the best results are acquired by 
setting the critical shear stress for the erosion and deposition of the cohesive particles 
to 2 N/m
2
 and 0.1N/m
2
, respectively. These values are also used by Ahmadian et al. 
(2010) and Gao et al. (2011) in previous studies of the Severn Estuary. 
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Figure ‎5.14 Comparison of predicted and measured sediment concentrations at 
Porthcawl / Southerndown for model calibration 
 
 
Table ‎5.8 RMAE and RMS values for the difference between the predicted and 
measured suspended sediment concentrations at Porthcawl / Southerndown 
Tcr,e, Tcr,d 0.10, 1.0 0.10, 1.5 0.1, 2.0 0.06, 2.0 
RMAE 1.559 0.828 0.495 0.5011 
RMS (kg/ m
3
) 0.234 0.132 0.105 0.106 
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Next, the model was validated for SSCs at Newport, Penarth and Slipway 
(Figure ‎5.15, 5.16 and 5.17). The statistical analysis of RMS values shows that the 
maximum RMS is 0.060 kg/m3 at Penarth (Table  5.9). The RMAE values at 
Newport, Penarth and Slipway are 0.077, 0.253 and 0.131, respectively. In relation 
to the qualification of RMAE suggested by Walstra et al. (2001) (see Table ‎5.2), 
these values mean that the model provides an excellent prediction of the SSC at 
Newport and Slipway and is a good prediction of the SSC at Penarth. Based on the 
calibration and validation results, it is thought that the hydrodynamic numerical 
model for the Severn Estuary could be successfully used for the assessment of using 
the refined settling velocity equation.  
 
Table  5.9 RMAE and RMS values for the difference between the predicted and 
measured suspended sediment concentrations 
Locations Newport Penarth Slipway 
RMAE  0.077 0.253 0.131 
RMS (kg/m3) 0.018 0.060 0.052 
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Figure ‎5.15 Comparison between predicted and observed suspended sediment 
concentration at Newport for model validation 
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Figure ‎5.16 Comparison between predicted and observed suspended sediment 
concentration at Penarth for model validation 
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Figure ‎5.17 Comparison between predicted and observed suspended sediment 
concentration at Slipway for model validation 
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5.5 Model refinement and application 
After the series of calibration and validation steps carried out across the whole 
domain (Figure ‎5.2), the model can be assumed to be ready for simulating the 
hydrodynamic and suspended sediment transport processes in the Severn Estuary. It 
was then used in this study to simulate the flocculation processes of cohesive 
sediment in a more realistic manner by using a refined settling velocity equation 
derived in laboratory experiments presented in Chapter 3. To do this, the original 
Delft3D model code was modified to include new settling velocity equations for 
cohesive sediment, equations (‎3.13) and (‎3.16), which were produced via 
experimental work, as described, shown and discussed in Chapter 3. The model was 
run for three different scenarios: without flocculation, with the existing flocculation 
model in Delft3D and with the newly refined flocculation model.  
 Scenario (S1): Modelling excluding flocculation effect 
The model was used without taking account of flocculation processes, and by 
treating the settling velocity as a constant with a value of 0.1 mm/s. This value was 
based on experimental results gained by field sample analysis in the laboratory (see 
Table ‎3.3).  
 Scenario (S2): Modelling including the existing Delft3D flocculation 
model  
The model was run with the existing Delft3D flocculation model. However, this 
model can not be directly used. The settling velocity value at fresh water, the settling 
velocity value at maximum saline water and a maximum salinity have to be defined 
first. Laboratory experiment are required first to define these values. The laboratory 
experiment has been conducted at freshwater of S=0 and at high salinity of 30 ppt. 
The settling velocity values of sediment at both salinities have been measured using 
ImageJ software (experiment was presented in Chapter 3). The formulation of the 
settling velocity as a function of the salinity equation (‎4.8) was used to predict the 
settling velocity of flocculated sediment.  
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 Scenario (S3): Modelling including the newly refined flocculation model 
The model was run with the new flocculation model implemented in the Delft3D 
model to represent the settling velocity of the flocculation of cohesive sediment, as 
observed in the laboratory experiments. The formulation of settling velocity as a 
function of the salinity and turbulence equations, (‎3.13) and (‎3.16), was used to 
predict the settling velocity.  
5.6 Model results and discussion 
The first assessment of the refined settling equations model compared computed 
SSC against observed data. The comparison stage is important to demonstrate that 
the new equations are sufficiently robust for general application. The assessment of 
the new settling equation model involved comparing computed SSC from three 
different scenarios (S1, S2 and S3) with observation data.  The computed SSCs were 
compared against the field data given in Stapleton et al. (2007). The comparisons of 
modelled SSC values with and without flocculation against observed SSC for the 
Severn Estuary for the Minehead and Beachley sites are shown in Figure ‎5.18. There 
is close agreement between the observed and predicted SSCs. The SSC predicted 
without flocculation was higher than the observed SSC at the Minehead and 
Beachley sites, meaning that using a constant settling velocity value gives an 
overestimation of SSC. The results of the new model at Beachley and Minehead 
were generally good; a part from for the maximum and minimum observed points 
(Figure ‎5.18) but were close to the median values. This is possibly a result of the 
new flocculation model being developed based on the average settling velocity as 
discussed in section  3.5.6.  
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Table ‎5.10 Comparison of sediment concentrations for three different scenarios (S1: 
modelling excluding flocculation effect, S2: modelling including the existing Delft3D 
flocculation model and S3: modelling including the newly refined flocculation model) 
 
Sites Minehead Beachley 
No of obs*. 26 4 
Scenarios S1 S2 S3 S1 S2 S3 
RMAE 
RMS 
(kg/m3) 
2.210 
0.261 
0.700 
0.109 
0.725 
0.113 
0.609 
0.262 
0.511 
0.292 
0.473 
0.260 
* Number of observation points 
 
At Minehead, the new flocculation model (S3) predicted almost 80.2% of sediment 
concentration compared with 35% for S1 and 80.3 % for S2. The evaluation of 
predicted and field data was carried out using the RMAE and the RMS analysis 
(Table ‎5.10). The RMS values at Minehead ranged from 0.109 kg/m3 to 0.113 
kg/m3 in the S2 and S3 scenarios, respectively, where the flocculation model was 
included. The RMS value at Minehead was 0.261 kg/m3 in the worst scenario, S1, 
which excluded the flocculation model (Table ‎5.10). The RMAE values for the three 
different scenarios indicate that S1 provides a bad prediction of SSC with a RMAE 
of 2.210, and the S2 and S3 scenarios provide a poor prediction with RMAEs of 
0.700 and 0.725. Despite the new and the original flocculation models providing 
poor predictions of SSC, in relation to the qualification of RMAE suggested by 
Sutherland (2001) (Table ‎5.2) the predictions are still much better than the predicted 
SSC in S1.  
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Figure ‎5.18  Comparison of measured and predicted suspended sediment 
concentrations at Minehead, Penarth and Beachley for three different scenarios (S1, 
S2, and S3) 
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At Beachley, The new flocculation model (S3) predicted almost 88% of suspended 
sediment concentrations compared with 85% for S1 and 87% for S2. The RMAE 
values for the three different scenarios indicated that S1, S2 and S3 provide a 
reasonable prediction of SSC, with RMAEs of 0.609, 0.511 and 0.473. The predicted 
sediment concentrations when the new flocculation model was included (S3) are 
more accurate than the case excluding the new flocculation model (S1) and the case 
including the original flocculation model (S2).  
The predicted SSC levels across the Severn Estuary and Bristol Channel with and 
without the flocculation model are shown in Figure ‎5.19. It can be seen that the SSC 
levels are reduced after including the effect of flocculation for both the original and 
the new flocculation models. The main impacts of flocculation primarily occur in the 
regions upstream. For example, the predicted SSC at the Beachley site is predicted to 
decrease from 1.03 kg/m3 for S1 to 0.59 kg/m3 for S3 and to 0.58 kg/m3 for S2. 
Also, the predicted SSCs close to Newport are 0.82 kg/m3, 0.19 kg/m3 and 0.2 
kg/m3 for the three scenarios, respectively. In the Severn Estuary, the predicted 
SSCs decrease from 0.42 kg/m3 for S1 to 0.34 kg/m3 for S2 and S3 (Figure ‎5.20). 
The sediment concentration that included the effect of flocculation was lower than 
that not taking into account the effect of flocculation. This occurred because the 
sediment under different salinity and turbulence conditions flocculated to form biger 
particles that have a larger settling velocity and thus settle out onto the bed more 
quickly. This study produced results which corroborate the findings of previous work 
in this field. Winterwerp (2002) simulated using a flocculation model as a result of 
turbulence processes for the Ems Estuary, the Netherland. The author concluded that 
suspended sediment concentration can not be accurately simulated using constant 
settling velocity value. Also, finding of this study corroborate results of the 
flocculation model by Baugh and Manning (2007), who found that using a constant 
settling velocity value in the numerical model can not represent any of the observed 
SSC at Tamar Estuary (UK). 
The new flocculation model agrees best with the measured suspended sediment 
concentration in the field.  Consequently, it can be stated that the new settling 
velocity equations are a more reliable representation of suspended sediment settling 
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processes and can be used to more accurately simulate the SSCs including the effects 
of flocculation in future studies. 
The quality of the water environment and cohesive sediment concentrations are 
closely related. Any under- or overestimation of the SSC levels can impact on water 
quality predictions for future scenarios like climate change impacts and from tidal 
renewable energy projects like the Severn Barrage and other tidal renewable energy 
schemes.  As discussed in previous studies, Zhou et al. (2014a) indicated that the 
proposed Severn Barrage across the Bristol Channel and Severn Estuary could 
significantly affect the water quality, sediment transport concentration, salinity level 
and the hydrodynamic parameters e.g flow velocity and water level.  
The simulation results indicate that the turbulence effect on flocculation should not 
be neglected in suspended sediment modelling studies, as observed by Winterwerp 
(2002) and Baugh and Manning (2007). Although the difference between the new 
flocculation model and the existing flocculation model in Delft3D is small, the new 
refined Delft3D model should be used. The main advantage of the new flocculation 
model is that it can be directly used to simulate the flocculation processes. The 
disadvantage of using the existing flocculation model in Delft3D is that this model 
does not include the turbulence processes and the model is only function of salinity. 
Also, the existing flocculation model in Delft3D can not be directly used, the user 
has to define the settling velocity value at fresh water, the settling velocity value at 
maximum saline water and a maximum salinity and laboratory experiment are 
required first to define these values. 
 
 
 
 
 
 
Chapter 5: Suspended sediment transport and flocculation modelling using refined 
settling velocity formulations 
130 
 
 
 
 
 
 
Figure ‎5.19   Predicted suspended sediment levels at high water spring tide for 
scenario: ( a) S1, (b) S2 and (c) S3 
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Figure ‎5.20   Predicted suspended sediment levels at high water spring tide for 
scenarios :( a) S2 and (b) S3, a zoomed in version of Figure ‎5.19 
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5.7 Summary 
Based on Delft3D-FLOW, a 3D hydrodynamic and sediment transport model for the 
Severn Estuary has been set up.  In this model the suspended sediment concentration 
within the water column was linked to the flocculation processes, i.e. suspended 
sediment concentrations are affected by flocculation of fine sediment particles. The 
model was applied to predict the suspended sediment concentrations in the Severn 
Estuary. The model predictions were encouraging, with reasonably good agreement 
with field measurements at various sites along the estuary. The model results were 
then compared to the flocculation modelling approach in Delft3D, wherein 
modelling turbulence induced flocculation or the break-up of sediment flocs is not 
included. The results showed the new turbulence model’s predictions to be in closer 
agreement with the field data when sediment flocculation processes were included in 
predicting the suspended sediment concentration in the water column. Thus, for the 
studies applied to the Severn Estuary the results show that the effects of flocculation 
of fine sediment were significant when trying to predict the suspended sediment 
concentrations in the water column.  In general, including the new flocculation 
model successfully better represents the observed suspended sediment distribution 
throughout the estuary. Overall, the model developed in this study can be regarded as 
a basic tool for managing the water quality of the Severn Estuary and assessing the 
impact of human interferences on the system. The model can also be the platform for 
the fundamental research about the hydro-environmental impact of tidal energy 
projects and the base for further modelling studies on water quality. 
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6 Conclusions and recommendations 
for future work 
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6.1 Conclusions 
The aim of the present study was to assess the potential effects of the hydrodynamic 
parameters (i.e. salinity, SSC and turbulence) on both floc size and settling velocity 
under controlled laboratory experiments using suspended sediment samples that 
were collected from the Severn Estuary. The Severn Estuary was chosen because 
there is still a lack of understanding regarding the flocculation phenomenon in this 
estuary (Manning et al. 2010a), which is one of the highly dynamic estuaries in the 
world. Simple equations were developed from the laboratory experiments to describe 
the settling velocity of flocs of cohesive sediment in the Severn Estuary as a function 
of the hydrodynamic and physicochemical parameters (i.e. the turbulent shear stress 
and the salinity). These equations were implemented into a widely used three 
dimensional hydrodynamic model, namely Delft3D. The refined numerical model 
was applied and tested to simulate the flocculation phenomenon in the Severn 
Estuary. 
Although the literature review presented cohesive sediment equations as a function 
of turbulence, suspended sediment and floc size, which were developed from studies 
of estuaries around the world, the applicability of these equations may vary from one 
estuary to another due to different availability and composition of suspended 
sediment, estuary topography and mineralogy and biological properties of the 
particles. 
The main conclusions of this research can be summarised as follows: 
 Floc size and settling velocity are controlled by the interaction between 
turbulence and salinity at less than 10 ppt. At a salinity either equal to or more 
than 10 ppt, the floc size and settling velocity were found to be functions only of 
the turbulent shear stress.  
 The maximum floc size increased by 62% as S increased from fresh water to S 
2.5 ppt. However, as S increased higher than 2.5 ppt, the maximum floc size 
decreased by 50%.  
 Turbulent shear stresses ranging from 0.57–8.5 N/m2 caused a breakdown of 
67.6% of the floc structure.  
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 The percentage of large flocs increased by 3% as sediment concentration 
increased at high salinity of 20 ppt. However, the situation was reversed at lower 
salinity of 2.5 ppt when the percentage of large flocs decreased by nearly 7% as 
sediment concentrations increased from 100 to 200 g/m
3
 
 The settling velocity was found to increased or decreased upon increasing the 
SSC, and it was further controlled by the salinity. Faster settling velocity 
occurred when sediment concentration was higher and salinity of 2.5 ppt. By 
contrast, at salinities of 20, in addition to increasing SSC, it was found that the 
situation was reversed (i.e. the lower the sediment concentration, the faster the 
settling velocity). 
 The relationships between floc size and turbulent shear stresses and between floc 
size and salinity were found to be independent of the history of the floc 
formation. 
 Although the experimental results compared favourably with experimental 
studies from different estuaries, they also confirmed that the method used in this 
study was successful at both measuring and analysing the floc size and settling 
velocity, and the developed equations should be considered to more accurately 
predict both the transport and fate of cohesive sediments than previously 
understood. 
 Delft3D model for the Severn Estuary and Bristol Channel is considered 
successfully calibrated and validated and can be used for predicting the 
hydrodynamics and sediment parameters, including water levels, velocities, 
salinities and SSCs. 
 The model predictions were encouraging, with reasonably good agreement being 
obtained with field measurements at various sites along the Severn Estuary and 
Bristol Channel. 
 The new settling velocity equations derived in laboratory experiments were 
successfully implemented in Delft3D via FORTRAN DLL. 
 Comparisons of predicted suspended sediment levels with measured data showed 
further improvements in the predictions, when compared with the models both 
for scenarios with and without flocculation. 
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 The new turbulence model’s predictions were in close agreement with the field 
data when sediment flocculation processes were included in predicting the 
suspended sediment concentration in the water column.   
 The new flocculation model successfully represents the observed suspended 
sediment distribution by 86% throughout the estuary.  
  The developed model can be regarded as a basic tool for managing the water 
quality of the Severn Estuary and assessing the impact of human interferences on 
the system. The model can also be the platform for the fundamental research 
about the impact of climate change and hydro-environmental impact of tidal 
energy projects and the base for further modelling studies on water quality. 
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6.2 Recommendations for future work 
This section suggests further future works which would logically follow on from 
works presented in this study to help improve understanding the flocculation 
phenomenon in estuaries, and particularly the Severn Estuary. The laboratory 
experiment in this study was conducted at a turbulence level of 0.57-8.5 N/m
2
 and 
higher, and the equations were developed based on these ranges. However, the 
intensity was high due to limitation of agitator speed in the laboratory. Therefore, 
future experimental work should explore the effect of floc size and settling velocity 
of suspended sediment of the Severn Estuary at low turbulence levels of 0.1–0.5 
N/m
2
, which are more typical for the estuary. Larger flocs will probably occur, and 
as the aggregation processes will be instigated in this range. 
 Floc sizes smaller than 60 µm are not included in the analysis due to light 
limitations. Therefore, the instrumentation should be improved for future study by 
using a strong enough light to both detect smaller particles and give the ability to use 
higher sediment concentrations in the experiment, which will better mimic the field 
sediment concentration in the Severn Estuary. Also, the biological processes are 
important parameters in the flocculation processes. More studies are required to 
determine the impacts of biological activity (e.g. organic matter) on flocculation 
processes and improve new equations to include its effect. Particular emphasis would 
be placed on adding bacteria with different levels to provide a significant difference 
on both floc size and settling velocity 
The mixing jar experiments (small scale) should be compared with large-scale 
flocculation experiments (settling column). Pollutants, including nutrients and heavy 
metals, can accumulate in sediments after recycling due to physical, chemical and 
biological processes. Therefore, future studies should investigate a way to link the 
flocculation and nutrient processes using a numerical model. The suspended 
sediment was validated using the available sediment concentration from the sampled 
upstream sections of the Severn Estuary, which resulted in a lack of measured 
downstream data; therefore, further validation is required for the sediment 
concentration against data collected at downstream sections. 
Chapter 6: Conclusion and future work 
 
138 
 
The discharge of fluvial tributaries should be included in the numerical model to 
more realistically present salinities values and therefore the flocculation processes. 
The new settling equations were implemented in Delft3D via FORTRAN DLL. 
However, floc size is currently not a quantity in Delft3D; therefore, it should be 
included. This parameter would have offered a better understanding of the 
flocculation processes in both estuarine and coastal waters. The present model 
should be tested in other hypotidal estuaries (e.g. the Humber Estuary) before being 
adopted. 
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